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ABSTRACT
Influence o f Lithophysal Geometry on Uniaxial Compression o f Tuff-like Rock
by
M anisha Chawla
Dr. Moses Karakouzian, Examination Committee Chair 
Professor o f  Civil and Environmental Engineering 
University o f  Nevada, Las Vegas
The high-level nuclear waste repository at Yucca Mountain includes tuff 
containing lithophysae or natural voids. This study investigated the effect o f voids 
(porosity, distribution, shape and size) on the mechanical properties o f cubes o f  analog 
lithophysal tu ff (HydroStoneTB). A systematic study was made using three different 
randomly generated patterns o f voids varying in shape, size, and geometrical distribution 
over a void porosity range o f 0 to 30%. Each specified void pattern was cast into 6 in. 
length cubes, in triplicate, and was tested under uniaxial compression to find uniaxial 
compressive strength (UCS) and Y oung’s Modulus (E).
The results indicate that the UCS and E values decrease with increasing specimen 
void porosity. From solid specimens there is roughly an 80 percent drop in UCS and a 45 
percent drop in E at about 20 percent void porosity. Shape and size o f void has 
significant effect on UCS values, but not on E values. Comparing the three different 
geometrical patterns, no significant differences in properties resulted.
Ill
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CHAPTER 1
INTRODUCTION
1.1 Introduction
At Yucca M ountain, the federal government is planning to construct an underground 
high-level nuclear waste repository to dispose o f  the nuclear waste. A conceptual design 
o f  the repository is shown in Figure 1. Yucca Mountain mostly consists o f  layers o f 
volcanic pyroclastic flow events, approximately 12.7 to 12.9 million years old. The 
geography o f the layers is shown in Figure 2. It has been proposed to construct repository 
in welded Topopah Spring Tuff (Topopah Spring tu ff consists o f  non-welded and welded 
portions) as shown in Figure 2.
Figure 1 : Yucca M ountain stratigraphy and repository layout 
Figurel-8.jpg http://www.ocrwm.doe.gov/infoUibrary/program docs/annualreports/00ar/figurel-8.jpg)
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The welded Topopah Spring formation includes four layers: Upper Lithophysal 
(Tptpul), M iddle Non-Lithophysal (Tptpmn), Lower Lithophysal (Tptpll) and Lower 
Non-Lithophysal (Tptpln) as shown in Figure 2. The repository will be eonstrueted 300 
m below surface and 300m above water table as shown. The repository is proposed to be 
located within all the four-lithophysal zones shown.
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Figure 2: Lower lithophysal cross-seetion 
(Figurel-10.jpg http://www.ocrwm.doe.gov/info_library/program_docs/annualreports/00ar/figurel-10.jpg)
The two basic types o f  repository host rock units are non-lithophysal units (Tptpmn, 
Tptpln) and lithophysal units (Tptpul, Tptpll), based on their relative proportion o f 
lithophysal cavities. The non-lithophysal units are generally hard, strong, fractured rocks 
with matrix porosities o f 10 percent or less (Price et ah, 2004). Fractures that formed 
during the cooling process arc the primary structures in these units. In contrast, the 
lithophysal units have significantly fewer fractures o f  significant continuous length (i.e..
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
trace length greater than 1 m), but have relatively uniformly distributed porosity in the 
form o f lithophysal cavities. The lithophysae consist o f  hollow, bubble-like structures 
composed o f  concentric shells o f  finely crystalline minerals within the roek matrix. These 
voids were formed either from air or gas entrapped in the pyroclastic flow during 
deposition from the rock during cooling. Lithophysal porosity is defined as the fractional 
volume o f  void space per unit volume o f  rock. Lithophysal porosity in the Tptpul and 
Tptpll is on the order o f  10 to 30 percent by volume and has significant detrimental effect 
on the mechanical properties o f  the rock mass. Lithophysal core samples (290 mm 
diameter) taken from the Tptpll and Tptpul units containing lithophysae are shown in 
Figure 3.
The size o f  individual lithophysae voids varies over a few orders o f  magnitude, from 
very 1 mm scale to some larger than 1 m in nominal diameter. Lithophysae distribution 
within lithophysal tu ff units is irregular with respect to geometrical arrangement, shape 
and size as shown in Figure 3.
A major issue facing the design o f  repository at Yucca Mountain is to understand the 
mechanical behavior o f  lithophysal tu ff that comprises 85% o f the repository 
emplacement area at Yucca M ountain (Rigby et ah, 2003, Section 5.4, p. 5-20). It is very 
difficult at this time to perform in-situ scale field tests to understand the mechanical 
behavior o f  lithophysal tuff. Additionally, it is also difficult to core the actual lithophysal 
rock to get specimens for testing. An alternative approach to understand the behavior o f 
lithophysal rock is to select an analog material, prepare specimens from this material and 
test them. M echanical testing on analog material with voids will enhance the knowledge 
on the engineering properties o f  lithophysal-rich tuff.
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eFigure 3: Lithophysal rock (Source: Sandia National Laboratories)
1.2 Objective
The purpose o f  this thesis was to investigate the influence o f voids (porosity, 
distribution, shape and size) on the mechanical properties (strength and modulus o f 
elasticity) o f  cubical specimens o f analog material namely HydroStoneTB®. The cubical 
specimens were tested under uniaxial compression to obtain a correlation between 
mechanical properties and void porosity, void geometry and distribution.
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CHAPTER 2
RESEARCH METHODOLOGY 
To achieve the objective o f this research, the following steps were executed and are 
presented in this study as different chapters.
• Conducting a thorough review o f relevant literatures relating mechanical 
properties with voids for natural rocks and analog material.
•  Selection o f  analog material based on the criteria o f having similar properties 
like actual lithophysal rocks. Selections o f  specimen geometry, void shape, 
size based on the required void porosity range o f 0 to 30%. Preparation o f  the 
solid specimens and specimens with different voids. Curing o f  the specimen 
and dimensional tolerances check o f  all the specimens. Testing o f  the 
specimen under uniaxial compression testing to obtain uniaxial compressive 
strength and young’s modulus.
• Reduction o f  experimental data using Microsoft Excel to obtain the 
mechanical properties.
•  Reporting o f  results and conclusions about the effect o f  voids on mechanical 
properties.
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CHAPTER 3
LITERATURE REVIEW 
This literature review section discusses some o f  the previous work related to this 
research topic. Literature review includes four main sections. Section 3.1 discusses some 
o f  the research done on the natural lithophysal rocks to determine the correlation between 
lithophysal porosity and mechanical properties. Section 3.2 discusses research done on 
analog material nam ely Plaster o f Paris for obtaining a relationship between porosity and 
mechanical properties o f rocks. Section 3.3 discusses the research done on specimen size, 
Poisson’s ratio and specimen failure modes. Section 3.4 presents a summary o f the 
literature reviewed.
3.1 Natural lithophvsal rocks
Lumin & Jaak (2006) performed the uniaxial compression testing on the seven 
cylindrical tu ff specimens from Tptpll (lower lithophysal zone) and twelve from Tptpul 
(upper lithophysal zone) with nominal diameters o f  2.4 in. and 1.78 in. Eighty-eight 
specimens were tested under constant strain test and creep test was done on fourteen 
cylindrical specimens. O f these entire specimens, nineteen specimens contained 
significant number o f  lithophysae and large vapor phase altered zone. Laboratory testing 
suggested tbat tbe specimens did not exhibit brittle fractures and after initial strength, 
they retained residual strength. They found that ultimate strength, ultimate axial strain
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and secant modulus at ultimate strength decreased with decrease in strain rate. The size 
o f  the specimen was small compared to actual lithophysal rocks, so lithophysal porosity 
present in the specimens was lower and didn’t represent the actual lithophysal rock 
available at the site.
Karakouzian (2003 & 2004) tested some o f  the tuff specimens to obtain relationship 
between total porosity (micro-porosity and maero-porosity) and mechanical properties 
(Avar, et al. 2003 and Hudyma, et. al. 2004). Ten tuff specimens were cut in approximate 
cubic shapes from blocks recovered from outcrops on Busted Butte (upper lithophysal 
zone), Fran Bridge (lower lithophysal zone) and Sandia Quarry (upper lithophysal zone) 
near Yueea Mountain on the Nevada Test Site. The total porosity o f rocks ranged 
approximately from 8% to 40%. The results from the testing showed that the uniaxial 
compressive strength decreases non-linearly with increasing macro porosity with a wide 
spread o f the data, coefficient o f determination = 0.62 as given in Eq. 3.1 and Figure 4 
(Hudyma, et al.) while there was linear decrease in modulus with increasing porosity 
with wide spread o f  data, R^ = 0.72 as given in Eq. 3.2 (Avar, et. al.) and Figure 5:
Qe = -49.36 In (p) + 189.35............................................................Eq. 3.1
E = -38.61 p + 1604 (ksi)............................................................. Eq. 3.2
Between approximately 0% and 25% porosity, the normalized values o f elastic 
modulus for the tu ff and plaster specimens were close to each other and followed the 
same trend but after 25% porosity, there was pronounced change in the normalized
elastic modulus for the tuff and plaster specimens. After 20% porosity, the normalized
modulus for tu ff became very low and follows a linearly decreasing trend.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Price o f  Sandia National Laboratories, issued report in 1983, 1986 and 2004 that 
discuss the mechanical properties o f  lithophysal tu ff as part o f  older and more recent 
experiments. Forty-seven core samples from Exploratory Studies Facility (ESF) and 
Enhanced Characterization o f  the Repository Block (ECRB) boreholes were cut into 
three component parts (matrix-groundmass, rims, spots, and lithophysae) and analyzed 
(SGPR, OOA). The measured porosity values o f  31 matrix-groundmass samples ranged 
from 8% to 13% with a mean o f 10%. The rim and spot (R&S) porosity for 18 samples 
ranged from 23% to 36% with a mean o f  30%. A porosity o f  11% was selected as a 
sorting criterion to distinguish between lithophysal and non-lithophysal rock samples 
containing lithophysae and vapor phase altered material (rims and spots). The volume 
fraction o f  lithophysae within the tuffs was ranged from 0% up to 40% or even higher. 
The largest specimens mechanically tested in the laboratory were 290 mm cylindrical 
cores obtained from the lithophysal zones and the smallest specimens mechanically 
tested were 25.4 mm in diameter.
Price (1986) tested outcrop samples o f the Tptpmn zone o f the Topopah Spring tuff 
obtained from large boulders from Busted Butte, ju st to the southeast o f Yucca Mountain. 
The test specimens were all cylinders with nominal diameters o f 25.4 mm, 50.8 mm, 82.6 
mm, 127.0 mm and 228.6 mm, and tested at the baseline set o f  conditions (saturated 
room temperatures). The results from these tests indicated that Y oung’s modulus and 
Poisson’s ratio were independent o f  sample size but there was a distinct relationship 
between ultimate strength and sample size given as Eq. 3.3:
= 52.9 V .................................................... Eq. 3.3
Where Gu is ultimate stress in M Pa and V is volume in m^.
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This indicated that the unconfined compressive strength decreased as the specimen size 
increased. The average Young’s moduli for these five sample sizes ranged from 35.3 GPa 
to 43.7 GPa and the Poisson’s ratios from 0.19 to 0.22 (Price 1986).
Price and others tested samples from the Tptpmn zone o f  the Topopah Spring tuff at 
room temperature and 150“C, and at unconfmed confining pressures. The test results 
showed that a 16% decrease in Young’s modulus for the stated increase in temperature 
(Price at al., 1987), an inverse relationship between Y oung’s modulus and sample 
temperature was observed. There were two series o f experiments, one involved large 
samples o f the Tptpll and Tptpul taken from the ESF and ECRB, and the other was on 
Busted Butte outcrop samples from the lower-lithophysal lithostratigraphic unit 
completed to investigate the effect o f temperature on unconfined compressive strength. 
The preliminary results indicated that there was distinct difference in average strength 
between experiments at room temperature and 200"C. The data showed a slightly greater 
UCS at 200°C than at room temperature for both samples.
Forty-four room dry and saturated samples were tested at a range o f confining 
pressures and strain rates. When compared the same sets o f test conditions, neither 
Y oung’s modulus nor Poisson’s ratio showed a consistent relationship with saturation. 
The trends in the differences varied with conditions, but more significantly the range o f 
values determined within one standard deviation o f the mean had large overlapping 
values, indicating the differences were not significant (Price et al., 1987). Three o f the 
four sets o f  tests on saturated samples showed a decrease in average strength when 
compared to the oven dry strengths by 13%. The reverse trend was observed in the test 
data at ambient pressure and strain rate o f 10'^ s’’, these results showed an average
10
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strength increase o f  15% when going from oven dried to saturated state. Olsson & Jones 
(1980) tested both dry and saturated test specimens o f tuff from Ranier M esa on the 
Nevada Test Site at various strain rates. These test results showed a consistent, but small 
decrease in Y oung’s moduli values when comparing dry and saturated results at any 
given strain rate. The average ultimate strengths for the saturated samples were about 
30% lower than the mean strengths for the oven dried samples, for each o f  the three 
strain rates.
Price et al. (1991) & M artin et al. (1992) had investigated the effect o f  direction on 
both the dynamic and static values o f young’s modulus and poisson’s ratio in tuffs from 
Yucca Mountain. They found that most o f these results had no significant elastic 
anisotropy in any o f  the properties; however in few tests there was slight planar 
anisotropy, which was rarely greater than 10 percent in either the Y oung’s M odulus or 
Poisson’s ratio data.
Olsson & Jones (1980) tested saturated and oven-dried samples o f Grouse Canyon 
welded tuff from Rainier Mesa, Nevada Test Site, at three strain rates: 10''’ s ', lO''* s'' 
and 10'^ s ''. For the oven-dried samples, the average Y oung’s moduli were essentially 
equal for all o f  the strain rates; however, for the saturated samples, a slight trend was 
evident. The saturated Y oung’s moduli were inversely related to strain rate. For both the 
saturated and oven dried sets o f  samples, the mean strength values decreased by an 
average o f  6% per decade decrease in strain rate over the strain rates stated above (the 
overall changes were 180.3 to 136.7 M Pa and 124.7 to 94.3 MPa, respectively).
Schultz & Liz (1995) conducted a detailed investigation o f  the strength properties 
o f Calico Hills T uff found in Yucca Mountain. They tested 43 cylindrical T uff specimens
11
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that had porosities between 24% and 39%. They documented the dependence o f  elastic 
modulus and compressive strength on the total porosity o f Tuff. Elastic moduli o f  the 
specimens containing approximately 24% porosity exhibited a wide range o f  values 
between 8.5 to 11.5 GPa. Few specimens were tested outside the porosity range to clearly 
understand the decreasing trend o f  elastic modulus with porosity increase. Wet specimens 
o f massive tu ff had compressive strength lower than those o f dry specimens.
3.2 Analog material
Leite & Ferland (2001) tested artificial rock consisting o f mixture o f  plaster, sand, 
water and polystyrene spheres using indentation tests with macro porosity ratio varied 
between 44 and 68%. Cylindrical specimens o f  diameter approximately 50 mm and 
height o f 122 mm were prepared for uniaxial compression testing. Young’s modulus and 
strength o f specimens decreased with increasing porosity, created by polystyrene spheres. 
Poisson’s ratio obtained for porous solids from uniaxial compression test was 0.15. 
Y oung’s modulus obtained from uniaxial compression tests was approximately twice 
those obtained from indentation for given porosity.
Karakouzian (2003 & 2004) carried out research on analog specimens o f  Plaster o f 
Paris with Styrofoam® inclusions and studied the relationship o f  porosity dependence on 
mechanical properties o f  analog specimens (Avar et al. 2003 & Hudyma et. al. 2004). 
Results from both numerical models and experimental testing showed an exponential 
reduction in Plaster o f  Paris specimen strength and elastic modulus with increasing 
porosity as given in Eq. 3.3 and Eq. 3.4 (Hudyma et al., 2004). The uniaxial compressive
12
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strength and modulus decreased exponentially with increasing macro porosity for the 
analog plaster specimens as shown in Figure 6 and 7:
CTc= 12.61  Eq. 3.4
E = 444.1619 (k s i) ....................................................... Eq. 3.5
CtC>cs wri?»
a r  hrfcs*Tr?,
CyF'Kl<v*. w th
&ij4d cytr-ilp^
■ iJv-attl ■ey*osd>Oti scfvu
20 30
Macfoporosîty (%)
Figure 6: Uniaxial compressive strength vs. macro porosity (Hudyma et al., 2004)
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Figure 7: Deformation modulus vs. void porosity (Avar et al., 2003)
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The normalized compressive strength o f  all specimens showed a similar non-linearly 
decreasing trend with increasing porosity with = 0.90 (Hudyma et al., 2004). The 
normalized plot between modulus and porosity for urethane specimens can be 
represented by an exponential equation with = 0.9664 as given in Eq. 3.6 and shown 
in Figure 8 (Avar et al., 2003):
E = e '°“ ^P...................................................... Eq. 3.6
E o
,=0.9664
0.6
0.4
1 Hole 
9 Holes 
36 Holes
0.2
0 10 20 30 40 50
Porosity, %
Figure 8: Normalized plot o f  deformation modulus vs. void porosity
(Avar et al., 2003)
For the Plaster o f  Paris specimen with uniformly distributed voids the normalized 
equation reduced (R^ = 0.94) as given in Eq. 3.7 and Figure 9 shows the normalized plot 
for uniformly and randomly distributed voids:
E =  E q .3 .7
E o
While an exponential equation given by numerical testing using FLAC2D is 
represented (R^ = 0.9899) as given in Eq. 3.8 and shown in Figure 10:
14
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.Eq. 3.8
0.8
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S
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0 10 20 30 40 50
Porosity, %
Figure 9: Normalized plot o f deformation modulus vs. porosity for uniformly distributed 
(dotted lines) and randomly distributed (solid lines) cylindrical tubes specimens (Avar et
a h ,2003)
These equations showed that both testing and numerical models show the same trend but 
numerically calculated values overestimated the deformation modulus in an increasing 
way while porosity was increased. The compressive strength o f solid Plaster o f Paris 
cylinders was 16.67 M Pa (Hudyma et al., 2004) and Y oung’s modulus for solid Plaster o f 
Paris was 3.10 GPa (Avar et al., 2003). Both the numerical and experimental testing 
demonstrated that elastic modulus decreased with increasing porosity and strength also 
followed the same trend but with different confidence. Avar and Hudyma studied only 
circular shape voids but the actual lithophysae have different shapes.
15
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Figure 10: Normalized plot o f  elastic modulus vs. porosity for test data and numerical
analysis data (Avar et al., 2003)
The porosity o f actual lithophysal tu ff used for this study included both micro and 
macro porosity and it was difficult to differentiate the macro porosity o f lithophysae. 
Plaster o f  Paris specimens with less than 10% macro porosity had a wide spread in 
normalized compressive strength while more than 10% did not exhibit a large variation in 
normalized compressive strength. The decrease in the normalized modulus for the plaster 
was less drastic and followed an exponential trend. The sharp drop in modulus and 
strength was probably due to different and larger shapes o f lithophysae in increasing 
porosities.
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3.3 Specimen size, poisson’s ratio, failure modes
Elwell & Fu (1995) discussed the effect o f specimen geometry on the compressive 
strength o f cubical and cylindrical specimens. Cylindrical specimens (150 mm diameter, 
300 mm height) are used in Australia, Canada, France and United States while cubical 
specimens (100 or 150 mm, 4 or 6 in.) are used throughout much o f  Europe, including 
Great Britain and Germany. Friction at the top surface for compression testing produces 
lateral stress along with axial stress on the specimens and cubes are more affected by 
these multi axial stresses than cylinders. Cylinders with height/diameter (h/d) > 1.7 will 
have a region not usually experiencing multi axial stresses; cubes are affected by multi 
axial stresses throughout the specimen. Cubes are more susceptible to variations resulting 
from slight differences in h/d ratios as compared to cylindrical specimens. The larger 
specim en’s d more likely it contains an element o f  low strength, which governs the 
failure o f  specimen. Stress distribution is more uniform in larger volumes. Tests on cubes 
and cylinders with h/d =1 yield similar strength test results and so concluded that the 
cross-sectional shape is not significant. Strength ratio between cylinders and cubes is 
more sensitive for h/d < 1.5 than for h/d > 1.5. Past research indicated that the cylinder 
(2:1 h:d) to cube strength ratio to be between about 0.65 and 0.90. For higher strength 
concrete, a higher cylinder to cube ratio is reported; one author listed 0.85 ratios for 8000 
psi (55 MPa) cube strength concrete (which is approximately the strength o f  solid 
HydroStoneTB® specimens). ASTM D 2938 and IS RM standards for uniaxial 
compressive strength o f  rock recommend that the diam eter o f the core should be at least 
six to ten times that o f  the largest fragment/grain within the rock. By analogy, the voids 
in cube specimens should be six to ten times smaller than the cube dimension.
17
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Gercek (2007) discussed that the basic mechanical properties o f  rocks that include 
Poisson’s ratio was generally underrated. Author explained that most o f  materials today 
have Poisson’s ratio o f  % as an initial recommendation by Poisson ratio o f 1/3 given by 
Wertheim but the theoretical value for an isotropic material lies between -1 and 14. These 
lower and upper limits exist due to the fact that Young’s modulus (E), shear (G), and 
bulk (K) moduli o f  a material must be positive, based on thermodynamic restrictions. As 
the value o f  Poisson’s ratio approaches 0.5, as with rubber materials, materials easily 
undergo shear deformations but resist volumetric deformation and become in 
compressive. For such materials, shear modulus must be less than bulk modulus. 
Poisson’s ratio for most o f  elements and materials lie between 0 and 0.5. For isotropic 
rocks, Poisson’s ratio is bounded between 0.05 and 0.45. Also in some rock engineering 
applications with limited field data, a value between 0.2 and 0.3 is a common estimate for 
Poisson’s ratio. Poisson’s ratio o f lithophysal tu ff specimen is 0.3 used for numerical 
modeling by UDEC (Christianson et ah, 2004) and for Plaster o f  Paris cylindrical (2:1) 
specimen is 0.31 (Avar et al., 2003).
Dunn & Ledbetter (1995) applied the Poisson’s ratio o f porous and micro cracks 
solids theory to oxide superconductors and found that unlike other elastic constants 
which monotonically decrease with pore concentration, Poisson’s ratio may 
increase/decrease or remain unchanged as a function o f pore concentration, depending on 
pore shape and Poisson’s ratio o f  the bulk solid. For vo > 0.2, Poisson’s ratio either 
decreases or increases with increases porosity but remains bounded from below (above) 
by v = 0.2. For many oxide superconductors with vq > 0.2, the effect o f  both voids and
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cracks is to reduce v, but never to give negative values. The analytical predictions satisfy 
the trivial Hashin-Shrikman bounds - l< v  <0.5.
The complexities o f  the compression failure for solid specimens were defined by 
Kendall (1978). The failures were defined in terms o f  three well-known modes: yielding, 
cone failure, and axial splitting. For compression cracking, stress at the failure varied 
with geometry and manner o f  force application but compressive strength was not a useful 
parameter. Plastic materials generally failed by yielding in a fashion described 
theoretically by a yield stress criterion. While brittle materials may yield plastically in 
compression. While more brittle bodies, cracking occurs in compression either by cone 
fracture mentioned by Coulomb in eighteenth century, or by axial splitting noted by 
Foppl (1900). At failure, the strength o f the material is supposedly given by the 
maximum tensile stress in the sample and is numerically equal to the applied 
compressive stress. The stress at failure depends on the size ‘d ’ o f the sample, as the d 
increases, maximum stress decreases, so larger bodies appear w eaker than smaller bodies. 
If  the platen used for testing is wider than the test specimen and the contact surfaces o f 
the later are smooth, the failure will occur by the cone formation and ratio o f compressive 
to tensile strength o f the un-cracked specimens may well approach 50:1.
Read & Hegemier (1984) suggested that the progressive structural breakdown o f the 
specimens began at about 50% o f the ultimate strength. The inhomogeneous and 
anisotropic nature o f  material on micro level induced local tensile stresses that produee 
micro cracks that grow and became aligned to the loading axis. As the loading inereases, 
density o f  micro cracks rapidly increased. Little damage is evident until the stress reaches 
80 % o f the ultimate stress. As the stress is increased from 80 to 90% o f ultimate stress, a
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rapid proliferation o f  micro cracks occurs, with the number o f  micro cracks increasing 
about 7-fold. At the ultimate stress, a macroscopic fracture plane first appeared in the 
central portion o f  the specimen. The rapid drop in the load carrying capacity after the 
peak o f the stress-strain curve was attributed to the complete failure o f the existing 
partially fractured material ahead o f  the macroscopic failure plane. Beyond the peak o f 
the stress-strain curve, the specimen will be in the process o f splitting and could not be 
treated as homogenous material. Plain concrete or rocks experience the beginning o f 
extensive micro-crack development at or slightly beyond the peak o f  the stress-strain 
curve, and thus further straining is simply accompanied by increasing disintegration o f 
the material and increasing in homogeneity o f  deformation. The failure modes o f  the 
plaster cylinders transitioned from spalling to axial splitting to shear failure to web 
failure (Hudyma et al., 2004).
3.4 Summarv o f the literature review
All o f the studies indicate that porosity is the primary physical property o f the tuffs 
that can be used as a predictor o f  their mechanical properties. Only the effect o f  circular 
voids on mechanical properties is studied by analog material. Triangular and star shaped 
voids effect on mechanical properties is studied by numerical analysis using PFC2D but 
no actual testing o f  these specimens had been done. Actual lithophysal rocks have 
lithophysae o f  different shapes not just circular shape. The actual testing o f  effect o f 
different shapes on mechanical properties has not been done. Analog material namely 
Plaster o f Paris tested have uniaxial compressive strength o f  16.67 M Pa for specimen 
without voids while the strength o f samples from the Topopah Spring T uff (TSw l and
20
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TSw2) averages between 150 M Pa and 200 MPa and numerical modeling assumes that 
solid specimen without voids have 60 M Pa strength (Christianson, 2004). No analog 
material tested has strength near to 60 M Pa and Plaster o f  Paris doesn’t actually represent 
the actual lithophysal rock. For this study, strain rate is maintained constant, specimens 
are dry, sample size is constant and the effect o f  void shape on the mechanical properties 
is investigated.
21
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CHAPTER 4
MATERIAL, SPECIMEN GEOMETRY, PREPARATION AND TESTING 
This section includes analog material details, specimen geometry, void geometry and 
procedure for specimen preparation and testing. Section 4.1 discusses about the criteria 
for the selection o f analog material and its characteristics. Section 4.2 provides in details 
specimen size, void locations in different patterns, void shape, void size, specimen 
naming convention and void porosity while Section 4.3 discusses the specimen 
preparation which includes mold preparation, batch mixing, finishing, mold removal, 
curing and dimensional tolerances for specimens. Section 4.4 discusses the uniaxial 
compressive testing o f  the specimens to obtain the mechanical properties o f  the 
specimens.
4.1 Selection o f  analog material
Actual lithophysal rock is difficult to be obtained and tested in the lab. It is also 
difficult to conduct uniaxial compression testing at the test site. This section will discuss 
the different criteria for analog material selection particularly mechanical properties and 
then explains that the uniformity o f mix for all specimens. The actual lithophysal rock 
has an average Y oung’s M odulus o f about 20 GPa and uniaxial compressive strength o f 
about 60 M Pa for 51-mm (2 in.) diameter cylindrical specimens (Christiansen et al., 
2004). An analog material namely HydroStoneTB® was selected for preliminary testing.
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HydroStoneTB® is a mixture o f  Plaster o f  Paris (more than 90% by weight), Portland 
cement (less than 5%), and crystalline silica (less than 5%). The compressive strength o f 
HydroStoneTB® reported in literature is approximately 70 MPa for 51-mm cubes o f the 
material which is close to the strength o f  the lithophysal rocks.
To check the actual strength o f  HydroStoneTB®, preliminary testing was done on the 
cylinders, with 2” diameter and 4” height made o f  HydroStoneTB® beginning on April 
29, 2004. The specimens were prepared according to HydroStoneTB® manufacturer’s 
recommended procedure. W ater to HydroStoneTB® ratio was taken from 0.32-0.33 and a 
mixing time by hand o f approximately 10 minutes. Twenty-five cylinders were produced 
and tested at Kleinfelder on June 2, 2004 by a Tinius Olsen Compression Tester (Task 
13: UCCSN-UNLV-03 Vol. 1). The specimens were tested with steel retaining caps and 
70 durometer neoprene pads that met ASTM C 1231 standards for testing. The specimens 
were loaded at a rate o f 250 lbs/sec. The average strength of those specimens that had 
been cured for 28 days or more was 9,799 psi, which falls near the m anufacturer’s stated 
range o f approximately 9,750 psi.
Poisson’s ratio is one o f  the mechanical properties o f  rocks, so Poisson’s ratio was 
calculated for the HydroStoneTB® specimens so as to compare with the actual Poisson’s 
ratio o f rocks. Table 1 shows the Poisson’s ratio o f  six specimens that satisfied all the 
criteria o f  dimensional tolerances.
Statistical analysis showed that the mean value o f  Poisson’s ratio for the solid 
specimens was 0.28 ~ 0.30 with standard deviation o f  0.05 which matches with the actual 
rock.
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Table 1 : Poisson’s ratio data for solid specimens
Specimen Name Poisson’s Ratio 
(50% ultimate strength)
SOLID-PO-C 0.27
SOLID-PO-K 0.22
SOLID-PO-P 0.3
SOLID-PO-Q 0.34
SOLID-PO-S 0.33
SOLID-PO-T 0.21
Micro-porosity o f  solid specimens o f  HydroStoneTB® was also obtained to check that 
the all the test matrix had same porosity o f  HydroStoneTB®. ASTM Designation: C20-00 
was used to obtain the micro-porosity and details o f  the procedure are provided in 
Appendix 1. Table 2 shows the micro-porosity values for two different pours o f 
HydroStoneTB® and water. The least count o f  the equipment used for measuring the 
weights was O.lg. AB, AD, AG comes from one pour o f  HydroStoneTB® (Group 1) and 
AA, AC, AH and A1 comes from second pour o f HydroStoneTB® (Group 2). Mean 
micro-porosity for sample 1 was 22.29% and for sample 2 was 21.35% and the difference 
was 0.94%.
The statistical analysis showed that the micro-porosity was same for all o f  the 
specimens. Details are provided in Appendix 1.
The preliminary testing showed that mechanical properties o f  HydroStoneTB® were 
similar to actual lithophysal rocks. M icro-porosity calculation o f  HydroStoneTB® 
showed that all o f  the specimens had same micro-porosity due to HydroStoneTB® and its 
effect was not considered in this study.
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Table 2: M icro-porosity determination for HydroStoneTB
Sample
Dry
Weight,
D(g)
Suspended 
Weight, S 
(g)
Saturated 
Weight, W 
(g)
Apparent
Porosity,
P(%)
Apparent 
Specific 
Gravity, T
Bulk 
Density, 
B (g/cm^)
AB 1751.4 953.5 1983.7 22.55 2.20 1.70
AD 525.4 286.6 596.2 22.87 2.20 1.70
AG 871.4 470.7 980.8 21.45 2.17 1.71
AA 1165.4 621 1308.5 20.81 2.14 1.70
AC 803.6 434 912.3 22.73 2.17 1.68
AH 696.1 369.6 779.3 20.31 2.13 1.70
A1 698.0 378.6 785.7 21.54 2.19 1.71
Characteristics o f  HydroStoneTB® based on the specimen preparation:
•  HydroStoneTB® has fluid consistency even with water/material ratio o f  0.33, 
which allows for relatively easy hand or mechanical mixing. It also allows easy 
removal o f  lumps and inhibits entrapment o f  air.
•  HydroStoneTB® has long setting time o f  5 to 10 minutes allowing sufficient time 
to tamp the mold for removal o f  air.
•  HydroStoneTB® specimens require more time for curing. The cubes o f  size 6 x 6  
X 6  in^ with no voids will take in between 50-75 days to stabilize. Specimen with 
voids takes in between 10-35 days depending on the number and size o f  voids 
within the specimen.
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4.2 Specimen geometry
4.2.1 Specimen size
Cubical specimens were selected, as they were easy to be prepared and tested. The 
size o f  the specimen was taken as 6” x 6” x 6” (Length x W idth x Height) as this size was 
not too big and not too small for comparison with actual lithophysal rocks. Solid 
specimens were also created to help to validate the actual solid lithophysal rocks. 
Specimens with voids were created to study the effect o f  voids on the mechanical 
properties o f  rocks. Voids were o f  different shapes and sizes as discussed later in section 
4.2.4. Specimens were fashioned to contain voids that extend through the entire specimen 
so that they are evaluated in two dimensions (2D) and plane strain conditions are 
assumed. To ensure the representativeness o f individual specimens, each specimen was 
triplicated.
4.2.2 Test matrix
To study the effect o f voids (porosity, distribution, shape and size) on mechanical 
properties, circular, square and diamond rods were used to prepare different void shapes 
in specimens. Void porosity o f  approximately 7, 13 and 19% was selected based on 
actual lithophysal porosity range o f  10 to 40% (Price et al.) and was obtained with 
different void sizes. Circular rod o f diameter 1.275” , 0.875” and 0.5” was used. Diamond 
and square rod o f  all sides 0.6” and 0.9” was used. It was attempted to create specimens 
such that roughly equivalent porosities is generated between samples o f  various void size 
and shapes (as discussed later in Section 4.2.4). To study the effect o f  spatial distribution 
o f voids, three different patterns (A, B, C) were used with different void location.
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Specimens with circular voids were prepared in three sets for different voids sizes for 
Pattern A, B and C for particular desired void porosity. Two sets (two uniform square 
and diamond sizes) o f  specimens were created from each pattern A and B for desired 
void porosity. A number o f  mixed uniform circular-void samples were also created using 
a sequence o f  random void size and location based on the desired void porosity. The total 
number o f specimens was 156 out to which 108 were circular void specimens for Pattern 
A, B and C, 24 were square void specimen for Pattern A, B and 24 were diamond void 
specimen for Pattern A, B.
4.2.3 Void location in specimen
Three patterns (A, B, C) were chosen based on location o f  the first void. For Pattern 
A, the first void was located at (0, 0) intersection o f  x-axis and y-axis. Pattern B had the 
first void located at (-1.5, -1.5) and for Pattern C, it was located at (-2.125, -2.125) as 
shown in Figure 11. Subsequent random void locations for the above three samples 
patterns were randomly generated by Itasca Consulting Group, Inc. personnel in 2004, 
subject to restriction that voids did not overlap and maximum 33 voids were provided. 
Subsequently, final configuration patterns for uniform specimens were created. The x-y 
coordinates o f  all the 33 voids o f  three patterns were also obtained with centre o f the base 
plate as origin o f  x-y axis and are attached in Appendix I. Base plate for all the patterns 
with 33 holes is shown in Figure 12.
27
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Figure 12: Base plate for pattern A, B and C
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1. Ceiirer o f  spednieii 
(0.0 . 0.0)
II. C orner o f  Specimen  
( -2 .7 5+ 1  .'-2.75 4-r):
where r  = rarlin^ o f  circular hole
III. M idpoim  o f  cenier and  co in er o f  specimen  
( -1 .5 .-1 .5 )
Figure 11 : Starting void location in pattern A (I), B (III), C (II)
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4.2.4 Void shape and size
Void shape refers to the geometry and relative rotation o f the void within the actual 
specimen. Three different shapes o f  the voids were used:
(1) Circle: Voids will be true circles-plane curves everywhere equidistant from 
fixed points; centers. The rotation o f  this shape was not relevant as circles are 
symmetrical about any axis.
(2) Square: Square voids were true squares-plane areas with sides’ equal distance 
that intersect at 90-degree angles. The sides o f  this shape were parallel to the 
adjacent specimen walls.
(3) Diamond: Diamond voids were true squares-plane areas with sides o f equal 
distance that intersect at 90-degree angles. The sides o f  this shape will form 
45-degree angles with the specimen walls.
Void size reflects the relative characteristic dimensions o f each shape. The 
characteristic dimensions o f  the voids were diameter for circles (d |) and length for both 
square (d]) and diamond (df). The sizes da, da were obtained by transcribing square and 
diamond voids into respectively sized circular voids as shown in Figure 13.
da, da = 0.707 * d |.................... Eq. 4.1
Table 3 shows the configuration o f  void shape and size as per the Eq. 4.1. The size o f 
the rod for voids was measured by using Starrett 6” Digital Caliper with a least count o f 
± 0 .001” .
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Table 3: Void shapes and sizes configuration
Void Size Characteristic dimensions (inches)
Circular Square Diamond
Small 0.503 - -
Medium 0.870 0.616 0.616
Large 1.226 0.868 0.868
Figure 13: Size specification for rods
4.2.5 Specimen naming convention
Specimens were named in according with their pattern name, void type, number o f 
voids and porosity o f the specimen. The following were the specimen name codes used to 
build specific specimen names for specimen with voids:
• PA = Pattern A, PB = Pattern B, or PC = Pattern C (see Figure 12)
• U = Uniform (all voids same size) or X = Mixed (different size voids)
•  Shape o f void: C = Circular, Sq = Square, Dm = Diamond
• L = Large, M = Medium, S = Small (size o f  void, followed by number o f
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voids)
• P = porosity followed by approximate void porosity o f specimen (%)
•  A letter was appended to the end o f  each specimen name to indicate 
differentiation between specimens o f  the exact same pattern: A for the 
first specimen, B for the second specimen, C for the third, and so on.
Example o f  naming convention is PA-UCL2-P7-A and details are provided in Table 4 
and 5.
For solid specimens the naming convention was used as:
• SOLID was used instead o f  PA or PB or PC and void shape and number
o f voids
• P= porosity followed by zero (0) percent
• A letter was appended to the end o f  each specimen from A, B and so on.
Example o f  naming convention for solid specimen is SOLID-PO-A and details are 
provided in Table 1.
4.2.6 Void porosity
Void porosity was calculated by dividing the total area o f voids by area o f the 
specimen. Area o f  the specimen is 6” x 6” = 36 in^. Total area o f the voids was calculated 
by multiplying the number o f  voids by area o f the single void. Area o f  the void for 
circular voids was calculated by formula: 7ir^  and for square and diamond voids was 
calculated as length x width. Porosity for each o f  the specimen with circular voids is 
shown in Table 4 and for square and diamond voids in Table 5.
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Table 4: Porosity calculation for circular void specimens
Void
Shape
Actual 
Void Size 
(in.)
No.
o f
voids
Area o f 
void
(in ')
Total area 
o f  voids
(in ')
Porosity
(%)
Specimen's
Name
Circle
(Uniform)
1.226
2 1.181 2.361 6.56 PA-UCL2-P7
4 1.181 4.722 13.12 PA-UCL4-P14
6 1.181 7.083 19.68 PA-UCL6-P20
0.870
4 0.594 2.378 6.61 PA-UCM4-P7
8 0.594 4.756 13.21 PA-UCM8-P14
12 0.594 7.134 19.82 PA-UCM12-P20
0.503
11 0.199 2.186 6.07 PA-UCS11-P6
22 0.199 4.372 12.14 PA-UCS22-P12
33 0.199 6.558 18.22 PA-UCS33-P18
Circle
(Mixed)
L 1 1.181
2.371 6.59 PA-XCL1M1S3-P7M 1 0.594
S 3 0.596
L 2 2.361
5.337 14.82 PA-XCL2M3S6-P15M 3 1.783
S 6 1.192
L 2 2.361
6.923 19.23 PA-XCL2M5S8-P19M 5 2.972
S 8 1.590
Table 5: Porosity calculation for square and diamond void specimens
Void
Shape
Actual 
edge length 
(in.)
No.
o f
voids
Area 
o f  void
(in ')
Total area 
o f  voids 
(in ')
Porosity
(%)
Speeimen's
Name
Square/
diameter
0.868 3 0.753 2.260 6.28 PA-USqL3-P7
6 0.753 4.521 12.56 PA-USqL6-P13
0.616 6 0.379 2.277 6.32 PA-USqM6-P6
12 0.379 4.553 12.65 PA-USqM12-P13
4.3 Specimen preparation
To prepare the specimens, a procedure was created and is known as “Making analog 
rock specimens for uniaxial testing”. This procedure was implemented and covers the
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mixing, preparing and curing o f  analog rock test specimens o f  HydroStoneTB® and is 
attached as Appendix II.
The mold consists o f  three parts: one base plate (7”x7”x0.5”), four side plates 
(6”x 6”x 0.5”) and rods. Appropriate shape and size o f  rod was installed into the base 
plate to form void in the specimen. The rods were placed at the preplanned locations 
based on the constraints for void location and desired void porosity. The side plates were 
connected together and to the base plate with hex bolts to form a square box with open 
top. The equipments and materials required for specimen preparation were 
HydroStoneTB® gypsum cement, release agent (cooking spray), masking tape, 
Homedics® Professional Percussion Massager, screwdriver, masking tape and tap water. 
For details see Appendix II.
4.3.1 Mold preparation
Mold preparation deals with the physical assembly o f mold and application o f release 
agent. Mold assembly consists o f one base plate with voids (for attaching the rods and 
making void specimens) and four solid side plates. Rods were attached to the base plate 
for the specimen with voids and details are provided in Appendix II.
All the plates were bolted together and a release agent was applied on all the sides for 
ease in removal o f  specimen from the mold. Detailed procedure for mold preparation is 
given in Appendix II.
4.3.2 Batch mixing
Batch mixing and pouring is a process in which HydroStoneTB® and water are 
measured and mixed in the Hobart HCM-300 mixer. The amount o f  HydroStoneTB® 
gypsum cement and w ater required was calculated using the Eq. 4.2.
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Mass o f HydroStoneTB® in grams = 5700 x (l-n )....E q . 4.2(details in Appendix III) 
Where, n = specimen porosity which is the porosity o f  the specimen due to voids. 
Mass o f  potable water (H 2O) required = 1 /3  o f  Round up mass o f  HydroStoneTB® 
The mass o f HydroStoneTB® was roundup to the nearest 500 grams and mass o f water 
was round to the nearest gram. Table 6 provides the details o f  the proportion o f 
HydroStoneTB® and w ater used for different specimens.
Table 6: Proportion o f  HydroStoneTB and water for specimen preparation
Void
Shape
Actual
Void
Size
Total area 
o f  voids 
(in")
Area o f 
specimen 
(in")
Porosity
(%)
Mass o f 
HydroStone 
taken (g)
Mass o f 
water (g)
Circle
(Uniform)
1.226
2.362 36 6.56 5376.0 1792.0
4.724 36 13.12 5002.0 1667.3
7.086 36 19.68 4628.1 1542.7
0.870
2.379 33 6.61 5373.4 1791.1
4.758 36 13.22 4996.7 1665.6
7.136 36 19.82 4620.1 1540.0
0.503
2.187 36 6.07 5403.8 1801.3
4.373 36 12.15 5057.5 1685.8
6.560 36 18.22 4711.3 1570.4
Circle
(Mixed)
L
2.372 36 6.59 5374.4 1791.5M
S
L
5.339 36 14.83 4904.7 1634.9M
S
L
6.926 36 19.24 4653.4 1551.1M
S
Square/
diameter
0.868 2.260 36 6.28 5392.1 1797.4
4.521 36 12.56 5034.2 1678.1
0.616 2.277 36 6.32 5389.5 1796.5
4.553 36 12.65 5029.0 1676.3
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The balance calibration was verified using calibrated working weight (Troemner 5 kg 
weight), value between 4999.9 and 5000.1g was ealibrated. The water temperature 
should be ± 5*^  Fahrenheit from room temperature. Hobart HCM-300 mixer was used to 
mix HydroStoneTB® and water. Procedure for mixing and pouring o f the mix into the 
mold is provided in details in Appendix II.
4.3.3 Specimen finishing
Specimen finishing involves the removal o f  exeess air from the analog rock 
specimen. Specimen sets in approximately 5 to 10 minutes so finishing was done within 
10 minutes. The specimen was allowed to cure and not disturbed for at least 6 hours. 
Detailed procedure is provided in Appendix II.
Figure 14 shows the specimen molds for Patterns A, B, and C. Round or square 
aluminum rod o f  varying dimension was attached to the opposite side o f  the numbered 
plate (shown in the figure) with screws to create the specified void pattern for the 
specimen. Figure 15 shows a specimen being poured, and later, with the molds partially 
removed.
Figure 14: Aluminum molds with patterns A, B, and C top plates
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Figure 15: HydroStoneTB pour into mold and mold partially removed
4.3.4 Mold removal
Mold should not be removed from the specimen until it has permanently set. 
Generally, it takes 16 ± 4 hours for complete setting o f  the specimen. Hex bolts, side 
plates and base plate were removed by the procedure given in Appendix II.
When the specimen was free, all o f  the sides were cleaned to remove any excess 
HydroStoneTB® “Base” was written on the dimpled face o f the specimen and specimen 
ID with creation date was written on one o f  the sides o f  the mold. The initial mass was 
measured and weight o f specimen was recorded.
4.3.5 Specimen curing
Curing is a process through which the HydroStoneTB® gypsum cement specimen 
release the excess water that is not required for hydration. An analog specimen was fully 
cured when the speeimens were dried to eonstant weight. Specimens were cured in an 
environmentally controlled laboratory ambient air environment until curing was 
complete. After curing, specimens were stored in an area to protect the specimen from
36
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physical damage, exposure to w ater and high humidity and were checked for dimensional 
tolerances as discussed later in Section 4.3.6.
4.3.6 Specimen dimensional tolerances
The dimensions o f cubical specimen were measured. Tolerance checks on the flatness 
o f load bearing surfaces and the perpendicularity o f  the load bearing surfacing adjoining 
cubical sides o f  the specimen were also done. ASTM  D 4543 (Standards Practices for 
Preparing Rock Core Specimens and Determining Dimensional and Shape Toleranee for 
cylindrical specimen) was the basis for testing tolerances and perpendicularity o f  the 
specimen. The detailed procedure is attached as Appendix II.
Perpendicularity tolerance was checked for each o f  the four faces and supporting flat 
surface. A setsquare was placed on the flat surface and snug was brought against one 
face. The setsquare should be accurate within 90 ± 0.1°. A flat feeler gauge o f  dimension 
0.05 in. was tried to insert into the gap (if gap is present) and if  the feeler gauge can be 
inserted into the gap then the specimen was discarded as perpendicular tolerance criteria 
was not met. The perpendicularity test was repeated for all o f the faces.
Flatness and smoothness test was done to measure whether the specimen satisfies the 
flatness criteria that the difference between the maximum and minimum digital indicator 
value was less than 0.006 in. and test faces were smooth and free o f  abrupt irregularities. 
The detailed procedure is provided in Appendix II. The best test faces for compression 
testing were marked as “T” and “B” for top and bottom o f the specimen, respectively. 
Specimens that are fully cured and meet certain dimension tolerance criteria were 
transferred to the testing laboratory. Testing o f  the specimens was done at Nevada 
Department o f  Transportation (NDOT) and procedure is discussed in Section 4.4.
37
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.4 Procedure for uniaxial compression testing
As a part o f  this researeh, uniaxial compressive strength (UCS), Y oung’s modulus 
needs to be measured. To obtain these values, a testing procedure was ereated and named 
as “Test method for uniaxial compressive strength and young’s modulus o f analog rock 
specimens”. This procedure describes the testing method for determination o f  uniaxial 
compressive strength and elastic moduli o f  HydroStoneTB® speeimens and is attached as 
Appendix IV. The test method eonsists o f applying a compressive axial load to the 
specimen at a certain rate that is within the prescribed range until failure occurs.
Testing machine was loeated at the Bituminous/Aggregate Labs, State o f  Nevada 
Department o f  Transportation, 123 E. Washington Ave., No. D, Las Vegas, Nevada. 
Testing setup ineludes: SATEC Series 600RD-E1 Compression Tester, Serial No. 
600RDP8879, Model: 600K load cell (Serial No. 8879), 5500 Series Digital Controller 
(T563-173-1 ENGLISH REV. D), Basic Partner Testing Software (Ver 7.0b WC), and 
two hardened (greater than 55 Rockwell hardness) steel bearing blocks (top platen is 
spherically seated and the bottom platen is a 7” x 7” x 0.5” flat block) as shown in Figure 
16. The loading surfaces were not lubricated so that results would be similar to Yucca 
Mountain testing, which was carried out without lubrication.
A target-loading rate o f  3.3 x 10^ s '' was applied until ultimate failure occurs. 
M easuring instrumentation included linear variable differential transformers (LVDTs) 
and a Daytronie System 10 mainframe data acquisition system. The LVDTs were 
calibrated prior to use.
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Figure 16: Basic partner testing software and LVDT attached to the solid specimen
The LVDTs were setup and used to measure vertical displacements in the case o f 
specimens with voids, and both vertical and horizontal displacements o f solid specimens 
as shown in Figure 17. Sketches were made to record the progressive cracking o f each 
specimen that occurred during the test.
Figure 17: Instron compressive load frame and experimental test setup
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Photographs o f  the specimen were taken before and after each experiment. The 
details o f  testing o f  the specimen procedure are provided in Appendix IV. After the 
testing was done for each specimen, data from Partner Testing Software and LVDT data 
from Daytronie UtiliPAC software was saved in drive and data was reduced as discussed 
in Section 5.1.
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CHAPTER 5 
DATA ANALYSIS
Data analysis section includes the data reduction method used and reduced data from 
testing. Seetion 5.1 discusses the data reduetion methods used for obtaining the final data 
from raw data provided by testing. Seetion 5.2 provides the reduced experimental data 
for uniaxial compression test.
5.1 Data reduction method
The Partner Testing software program controlling the Instron test frame creates data 
obtained from uniaxial eompression test. Eaeh uniaxial compression test on a specimen 
gives one .csv file, a file that ean be read directly by the Microsoft Excel program by 
importing the data. This file provides the time in minutes, stress in psi, position and load 
in Ibf applied to the specimen, an example is shown in Table 7.
The failure o f  the specimen is assumed when the specimen failed globally, local 
failure is not eonsidered as part o f  this study. Some o f the speeimens have loeal maxima 
but the maximum stress obtained by the specimen when it failed globally is considered as 
the ultimate stress. The maximum stress provided by the software is not the exact failure 
stress as software assumes the specimen as 6 x 6 x 6 in^ which in actual is approximately 
6 x 6 x 6  in^. The uniaxial compressive strength is the peak failure load taken by the
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specimen in Ibf divided by the exact area o f  the specimen as given in Eq. 5.1 which will
then be converted into M Pa by multiplying by 6.89476*10'^.
Uniaxial Compressive Strength (UCS) = Peak Failure Load ...........................Eq. 5.1
Area
Table 7: PA-UCL2-P7-A.csv file imported to M icrosoft excel.
Partner Data Point File
Start o f  Test Thu 03 Aug 2006 12:40:02
Time ( min ) Stress ( psi ) Position (in) Zeroed (in) Load ( Ib f)
0 23.5556 0.0003 0 848
0.00833 29.9444 0.0007 0.0004 1078
0.01667 30.9722 0.0009 0.0006 1115
0.025 32.0556 0.0011 0.0008 1154
0.03333 33.3889 0.0011 0.0008 1202
0.04167 35TG78 0.0013 0.001 1261
0.05 36 8611 0.0015 0.0012 1327
0.05833 38.2778 0.0017 0.0014 1378
0.06667 40.3333 0.0017 0.0014 1452
0.075 42.1667 0.0018 0.0015 1518
0.08333 44.5833 0.002 0.0017 1605
0.09167 46.5000 0.0021 0.0018 1674
0.1 48.7222 0.0024 0.0021 1754
0T0833 50.8333 0.0025 0.0022 1830
0.11667 53.2222 0.0026 0.0023 1916
0.125 55.6111 0.0027 0.0024 2002
0.13333 58.0833 0.0029 0TW26 2091
0.14167 60.5833 0.0031 0.0028 2181
0.15 62.8611 0.0032 0.0029 2263
The numbers provided in Table 7 are significant numbers obtained from Partner 
software. Strain data file was ereated by the Daytronic UtiliPAC software that scans the 
attached LVDTs (either 2 or 4). Each uniaxial test on a specimen gives one .txt file which 
provides the time in minutes, LVDT 7 and 8 deformations in inches as shown in Table 8. 
The numbers shown in Table 8 are significant numbers obtained form testing.
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These deformations are then averaged and divided by the length o f  the speeimen (6”) 
to obtain the strain in the specimen (aetual specimen length is approximately 6 in. but 
there is only 0.5 % difference in value obtained by taking 6 in. for calculations). In the 
solid specimen, there was also data for lateral deformation provided by LVDT 2 and 3; 
hence vertieal and horizontal strain was obtained for solid specimens. Stress and strain 
data are matched corresponding to the time in minutes for every 0.5 sec. Stress and strain 
data is obtained at every 0.5 s but strain software has least count o f  Is  so the reading 
taken earlier is matehed up with the stress data.
Table 8: PA-UCL2-P7-A.txt file imported to Microsoft excel
Sample rate =500 milliseconds
Date taken = 8/3/2006
Time Charmels = 7 8
Raw data (in) Raw data (in)
12:38:57 PM
12:42:04 PM 0.0013 -0.0034
12:42:05 PM 0.0013 -0.0033
12:42:05 PM 0.0014 -0.0032
12:42:06 PM 0.0014 -0.0032
12:42:07 PM 0.0014 -0.0031
12:42:07 PM 0.0014 -0.003
12:42:08 PM 0.0014 -0.003
12:42:08 PM 0.0015 -0.0029
12:42:09 PM 0.0015 -0.0028
12:42:09 PM 0.0015 -0.0028
12:42:10 PM 0.0015 -0.0028
12:42:10 PM 0.0016 -0.0027
12:42:11 PM 0.0016 -0.0027
12:42:12 PM 0.0016 -0.0027
12:42:12 PM 0.0016 -0.0027
12:42:13 PM 0.0017 -0.0027
12:42:13 PM 0.0017 -0.0027
12:42:14 PM 0.0017 -0.0027
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The combined data for stress and strain obtained is then used for further calculations. 
Stress vs. strain plot for each o f  the specimen is plotted to investigate the shape o f  the 
curve as shown in Figure 18. All o f the supporting files, like calculations, plotting o f 
axial stress-strain for these specimens can be found as electronic files attachments to the 
scientific notebook UCCSN-UNLV-073 Vol. 2 associated with this project.
Stress-strain plot for PC-UCL2-P7-C
4000 
3500 
^  3000 
%  2500 
% 2000
^  1000 
500
1500
0.00013 0.00063 0.00113 0.00163 0.00213 0.00263 0.00313
Strain
Figure 18: S tress-strain  plot for PC-UCL2-P7-C specimen
Corresponding to the 50 % o f ultimate strength. Tangent Y oung’s M odulus is 
calculated by taking the ratio o f  the difference between two stresses consecutive to 50% 
ultimate strength to difference o f  their corresponding strains as given in Eq. 5.2 and 
shown in Figure 19.
Tangent Y oung’s M odulus =_g = Stressi -  Stress? ............................ Eq. 5.2
8 Strain, -Strainz
If the values for the two consecutive stresses give a zero value o f  a negative value, then 
the next nearest value is taken for the calculations.
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Secant Young’s M odulus is calculated by taking the ratio o f  the difference o f 50% of 
ultimate and initial stress (stress at start o f the test) to the difference o f  their strains as 
given in Eq. 5.3 and shown as slope o f  straight line from 0 to 50% UCS in Figure 19.
Secant Young’s M odulus = 50% o f Ultimate stress -  Initial Stress  Eq. 5.3
50% o f Ultimate strain -  initial strain
Corresponding to 25% ultimate strength. Best Fit Young’s Modulus is obtained by 
plotting a curve between stress and strain for the data between 25% and 50% o f the 
ultimate strength and finding the slope o f  the line. Slope will be obtained by adding a 
linear trend line to the scatter plot and find the equation o f the trend line. Slope o f the 
dotted line will provide the Best-fit Young’s Modulus o f the specimen as shown in 
Figure 19.
Different modulus calculated for each specimen
4000
3500
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% 2500
3
2000S
1500
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Slope of this line = Secant 
modulus between 0 and 50%
Ultimate stress
Tangent at 50% UCS =stress/strain
Slope of this line = best-fit 
modulus between 25-50% UCS
0
0.0001 0.0006 0.001 0.0016 0.0021 
S tr a in  (in /in )
0.0026
Figure 19: Plot o f different modulus calculated for each specimen
0.00311
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The accuracies o f  the mechanical properties reported are a function o f the combined 
accuracies o f  all the measuring instruments discussed. As a result the void porosity, 
strength (stress). Y oung’s moduli, and Poisson’s ratio values are accurate to within ± 
0.1%, ± 5%, ± 5.5%, and ± 3%, respectively. These combined measurement and test 
uncertainties are small compared to scatter in the tested results due to influence o f  voids 
in the specimens.
The two-dimensional void porosity is determined by measuring the cross- 
sectional dimensions o f the mold rods and then calculating the porosity based on the 
number and size o f  all rods.
5.2 Reduced data
5.2.1 Uniaxial compressive strength
Uniaxial Compressive strength is obtained for all o f the specimens using Eq. 5.1 and 
details o f  all the values are provided in Table 27 in Appendix V. Data obtained from 
dimensional tolerances for all the specimens are provided in Table 26 in Appendix V. 
Compressive strength at 25% and 50% o f  the uniaxial compressive strength is also 
calculated to obtain tangent young’s modulus (Eq. 5.2) and best-fit young’s modulus as 
discussed in Section 5.1.
5.2.2 Y oung’s modulus
For all specimens prepared, three o f  the Y oung’s modulus are calculated: Tangent 
Y oung’ M odulus at 50% uniaxial compressive strength (Tangent), secant between 0 and 
50% uniaxial compressive strength (Secant) and best-fit between 25 and 50% uniaxial 
compressive strength (Best-fit) as shown in Figure 19. Details o f  all the values for all
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specimens are provided in Appendix V. Table 9 shows the average young’s modulus 
values corresponding to void porosity.
Table 9: Average young’s modulus values for different porosity
Y oung’s M odulus (GPa)
Tangent Tangent Best Fit Best Fit Secant Secant
Porosity
Groups
Ave.
Void
Porosity
Average Standard
Deviation
Average Standard
Deviation
Average Standard
Deviation
P6, P7 7% 12.0 1.7 11.0 1.0 10.1 2.0
P12,
P13,
13% 10.7 2.6 9.9 1.6 8.6 2.5
P18,
P19,
P20
19% 9.5 2.6 8.6 1.4 6.2 1.4
Table 9 shows that the tangent value is highest and secant value is lowest and Best-fit 
values lies in between. The numbers in the Table 9 are significant to ± 0.1 GPa. Form the 
Table, it can be concluded that the standard deviation is least in the best-fit modulus, so it 
can be the best representative for modulus. For comparison o f the modulus values, all o f 
the three modulus values are plotted with void porosity for each Pattern A, B and C as 
shown in Figures 20 to 22. Tables 10 to 12 provide the values used for the plotting 
modulus vs. void porosity curves in Figures 20 to 22 respectively. The data provided in 
the Tables 10 to 12 are significant to ± 0.1 GPa. In Figures 20 to 22, solid line shows 
Tangent modulus at 50% uniaxial compressive strength, dashed lines shows best-fit 
modulus and line with dots shows secant modulus between 0 to 50% o f uniaxial 
compressive strength.
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Table 10: Modulus values for pattern A
Specimen Name
Tangent
(GPa)
Secant
(GPa)
Best Fit 
(GPa)
Porosity
(%)
QA-PA-UCL2-P7 10.01 6.68 9.12 6.56
QA-PA-UCL4-P13 8.75 6.75 8.92 13.12
QA-PA-UCL6-P20 6.69 6.02 7.04 19.68
QA-PA-UCM4-P7 11.84 8.41 11.48 6.61
QA-PA-UCM8-P13 12.27 7.45 9.55 13.22
QA-PA-UCM12-P20 10.80 6.10 8.61 19.82
QA-PA-UCS11-P6 10.40 9.37 11.04 6.07
QA-PA-UCS22-P12 9.22 7.25 10.32 12.15
QA-PA-UCS33-P18 14.54 6.44 9.14 18.22
QA-PA-XCL1M1S3-P7 14.71 8.38 11.08 6.59
QA-PA-XCL2M3S6-P15 8.89 6.44 7.99 14.83
QA-PA-XCL2M5S8-P19 7.04 4.01 6.89 19.24
Modulus vs Void Porosity for Pattern A
Void Porosity (%)
16.
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12.1
ao
ID
3■DO
S
•  Tangent Young's Modulus (50%)
■ Secant Young's Modulus (0-50%)
▲ Best Fit Youngfs Modulus (25-50%)
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Figure 20: Modulus (GPa) vs. void porosity (%) plot for pattern A
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Table 11 : Modulus values for pattern B
Specimen Name
Tangent
(GPa)
Secant
(GPa)
Best Fit 
(GPa)
Porosity
(%)
QA-PB-UCL2-P7 11.60 9.38 11.74 6.56
QA-PB-UCL4-P13 9.43 8.62 8.65 13.12
QA-PB-UCL6-P20 9.26 4.54 9.46 19.68
QA-PB-UCM4-P7 11.67 9.89 11.16 6.61
QA-PB-UCM8-P13 10.67 7.91 9.83 13.22
QA-PB-UCM12-P20 6.28 5.39 9.03 19.82
QA-PB-UCS11-P6 11.89 11.50 11.83 6.07
QA-PB-UCS22-P12 8.90 7.10 8.72 12.15
QA-PB-UCS33-P18 8.19 6.38 9.48 18.22
QA-PB-XCL1M1S3-P7 15.82 12.18 11.16 6.59
QA-PB-XCL2M3S6-P15 9.54 8.37 13.56 14.83
QA-PB-XCL2M 5S8-P19 9.24 8.86 9.75 19.24
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Modulus vs Void Porosity for Pattern B
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■ Secant Young's M odulus (0-50%)
▲ Best Fit Youngs Modulus (25-50%)
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Figure 21 : M odulus (GPa) vs. void porosity (%) plot for pattern B
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Table 12: Modulus values for pattern C
Specimen Name
Tangent
(GPa)
Secant
(GPa)
Best Fit 
(GPa)
Porosity
(%)
QA-PC-UCL2-P7 12.73 9.68 9.86 6.56
QA-PC-UCL4-P13 20.47 10.07 10.24 13.12
QA-PC-UCL6-P20 12.63 7.06 11.47 19.68
QA-PC-UCM4-P7 12.69 12.07 13.42 6.61
QA-PC-UCM8-P13 13.56 11.58 10.43 13.22
QA-PC-UCM12-P20 9.00 5.86 6.95 19.82
QA-PC-UCS11-P6 10.79 13.01 11.38 6.07
QA-PC-UCS22-P12 12.01 9.39 11.93 12.15
QA-PC-UCS33-P18 12.12 8.37 8.15 18.22
QA-PC-XCL1M1S3-P7 10.47 10.74 10.82 6.59
QA-PC-XCL2M3S6-P15 10.19 9.47 12.81 14.83
QA-PC-XCL2M5S8-P19 8.06 5.58 7.63 19.24
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Modulus vs Void Porosity for Pattern C
•  Tangent Youngs Modulus (50%)
■ Secant Youngs M odulus (0-50%)
A Best Fit Youngs Modulus (25-50%)
-
10 15
Void Porosity (V^
20 25
Figure 22: M odulus (GPa) vs. void porosity (%) plot for pattern C
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Based on the Table 10 to 12 and Figure 20 to 22, here are some o f  the conclusions:
(1) The 25-50% range o f  ultimate strength tends to be the most linear part o f 
stress-strain curve,
(2) The tangent and secant derived E values are based on one or two data points 
only that are susceptible to local variations in slope, and
(3) The best-fit determination o f  E is determined by using many data points.
So, best-fit modulus is used for further calculations and best-fit represent the modulus 
o f  the specimen.
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CHAPTER 6
DISCUSSIONS AND CONCLUSIONS 
This section discusses the results from uniaxial compression testing, compares with 
the numerical analysis done by Itasca Consulting Inc. and provides conclusions o f  this 
study. Section 6.1 discusses about the results o f  the experimental data, general 
compressive behavior o f solid specimens, specimen with voids, effect o f  void size and 
shape on the mechanical property relationships and normalized plots o f the mechanical 
properties o f  specimens. Section 6.2 gives the comparison o f experimental work with 
numerical analysis done by Itasca Consulting Inc. and section 6.3 provides conclusions o f 
this study.
6.1 Discussion o f  experimental data
6.1.1 General compressive behavior o f solid specimens o f  HydroStoneTB®
In this section, compressive behavior o f  the solid specimen is discussed and 
mechanical properties o f the solid are provided. Ten solid specimens were tested in 
uniaxial compression. Examples o f  two failed specimens (SOLID-PO-P, SOLID-PO-K) 
are shown in Figure 23 and their respective stress-strain curves are plotted in Figure 24. 
Lateral strain o f  solid specimen was also obtained and axial strain-lateral strain curves 
are plotted in Figure 25 for the same two specimens. Failure typically occurred suddenly 
and catastrophically. For HydroStoneTB® specimens, the stress-strain response is
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typically brittle, meaning transition from linear elastic behavior to macro-fractures and 
ultimate failure occurred very rapidly. Failure typically occurred at about 0.4 percent 
axial strain.
SOLID-PO-P SOLID-PO-K
Figure 23: Photos o f two solid specimens after testing
.SOLID-PO-KSOLID-PO-P
i
I
I
»20
0.00% 0.10% 0.20% 0.30% 0.40% 0.50% 0.00% 0.30% 0,40% 0.50%
Axial Strain Axial Strain
Figure 24: Experimental stress-strain curves for specimens SOLID-PO-P and
SOLID-PO-K
53
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Each o f the ten solid specimens failed suddenly, has more or less a cone failure shape 
as shown in Figure 23, and a large portion o f  the specimen is cracked and involved in the 
failure. A summary o f  the mechanical properties o f  HydroStoneTB® solid specimens is 
given in Table 13.
SOLID-PO-KSOUD-PO-P 0.45%
0.40%
1135%
0.45%
1140%
0.35%
.030%
;0.25%
;0.I5%
0.10%
0.05% 0.05%
0 .00%
0.01% 0.02% 0.03% 0.04% 0.1 0.07% 008% 0.09%
41.02% 41.01%
strainL a te ra l S tra in
Figure 25: Axial strain-lateral strain curves for specimens SOLID-PO-P and
SOLID-PO-K
Table 13: M echanical Properties o f  Solid Specimens
Number o f E E Poisson’s Poisson’s UCS UCS
specimens (GPa) S.D. Ratio Ratio S.D. (MPa) S.D.
10 15.98 1.07 0.28 0.05 55.01 1.61
In Table 13, E is the best-fit young’s modulus, S.D. is standard deviation and UCS is 
uniaxial compressive strength. The uniaxial compressive strength o f HydroStoneTB® 
solid specimen is 55.01 M Pa while that actual lithophysal rock is 60 M Pa (Christianson 
et al., 2003). The modulus for HydroStoneTB® solid specimen comes out to be 15.98 
GPa while for actual lithophysal rock, it is 20 GPa (Christianson et al., 2003) which
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shows that the HydroStoneTB® specimen validate the actual lithophysal rock.
6.1.2 General compressive behavior o f  specimens with voids
Based on the patterns described in Section 4.2, total 156 specimens were tested with 
voids. Two examples o f typical stress-strain behavior (PB-UCS11-P6, PB-XCL1M1S3- 
P7-A) are shown in Figure 26, one failing suddenly (PB-UCSl 1-P6) and other (PB- 
XCL1M1S3-P7-A) fails with progressive cracking. The initial non-linear portion o f both 
curves up to about 0.05 percent strain is not due to non-linear material behavior at low 
stress levels but, rather, a consequence o f  imperfect contacts between the sample and 
loading platens. The stress-strain behavior is generally linear elastic up to a stress value 
o f  about 75 percent o f  uniaxial compressive strength.
PB-UCS1I-P6-B
0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30%
Axial Strain
PB -X C L 1M IS3-P7-A
0.00% 0.05% 0.10% 0.15% 0.20% 0.25% 0.30% 0.35% 
Axial S train
Figure 26: Experimental stress-strain curves for specimens PB-UCSl 1-P6-B and
PB-XCL1M1S3-P7-A
The first micro-fractures begin to occur during linear elastic loading and individual 
test records indicate that the majority o f  specimens do not experience their first visible
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crack until a stress is reached to more than 50% o f the specimen’s uniaxial compressive 
strength. For circular void specimens, the appearance o f  the first crack (initiating from a 
void boundary) occurs on the average at about 60% o f the uniaxial compressive strength 
value, while for both square- and diamond-shaped voids the initial crack is noted at about 
40% of ultimate strength. This is probably due to stress concentrations that occur at the 
relatively sharp comers o f  square and diamond voids that contribute to crack initiation.
Progression o f  cracks: During testing, a progression o f cracking between voids is 
sometimes noted. Often during these instances o f  progressive cracking, one or more local 
(sudden but small) drops in applied load are observed before the applied stress recovered 
to higher stress levels (Figure 26). For specimen named PB-XCL1M1S3-P7-A, pictured 
in Figure 27, a first crack appears between the large and medium-size voids at about 6.9 
MPa. After significantly more loading is applied to the specimen, two new cracks 
appeared at 18.6 MPa, one from the right side o f  the large void (left photo) down to the 
com er o f  the specimen and the other from the medium void up to the small void above it. 
At 22.1 MPa, two new cracks appears involving the uppermost small void: a crack o ff to 
the left and terminating in the solid part o f the specimen (approximately where the 
flaking is visible) and the other down and to the left side o f  the middle void. At 23.0 MPa 
ultimate failure occurred with 12 new cracks appearing in the specimen. The cracking 
pattem on the backside o f  specimens is typically very similar to that visible on the front 
due to the fact that the voids extend through the specimen (plane strain condition).
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Figure 27: Post-test failure photos (front and back) o f  specimen PB-XCL1M1S3-P7-A
Local failure can be physically described as failure (cracking) in a portion o f the 
specimen, which is supporting a significant portion o f load resulting in a substantial 
redistribution in stresses across the specimen. In these cases it is sometimes observed that 
an initial visible crack in one area would terminate growing larger and new cracks would 
appear in different areas o f the specimen due to stress redistribution in the specimen after 
a local failure event. Some o f the clearly visible initial cracks would also close up slightly 
(making them hard to see) as stress is relieved in this area o f the specimen. As a result, it 
is sometimes difficult to ascertain all cracks in post-test photos (Figure 27).
Uniaxial compressive strength: The uniaxial compressive strength o f a specimen 
represents the specimen failure strength, and is defined as that stress representing the 
peak or maximum uniaxial stress experienced by the specimen during its loading history 
(local maxima is not considered) . I f  progressive cracking is observed (usually just a few 
cracks), ultimate failure still happens relatively suddenly when many more cracks
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suddenly appeared (as described above for specimen PB-XCL1M1S3-P7-A). For many 
specimens, only one or even no crack is noted before a sudden failure o f  the sample 
occurred. For these specimens, the stress-strain response is relatively brittle. The sudden 
appearance o f  m any cracks between voids and sides o f the specimen is probably a 
consequence o f  the sudden release o f  a large amount o f  stored strain energy and initiated 
by a local failure (Figure 27 and 28). It is likely that failure occurs by progressive 
cracking occurring at a rapid rate to produce the final failure pattem  with many cracks 
visible.
Specimen failure in terms o f  the final cracking pattem is characterized by a 
combination o f  tensile splitting and diagonal shear-type cracking across the specimen 
(Figure 27 and 28). Often a portion o f  the specimen and its voids has no visible cracks 
while other areas o f  the specimen experienced cracking connecting all or most voids. 
Failure in void specimens typically occurred over a range o f 0.10 to 0.30 percent axial 
strains while for solids it occurs at 0.4 percent axial strain.
Comparing solid and specimens with voids behavior, solid specimen response is 
brittle in nature while the specimen with voids response tends to be less brittle since the 
voids allow for local failure and redistribution o f  stresses (to some degree) before peak 
failure is reached.
Replicate specimens: Each void pattem was produced in triplicate and tested to 
failure. In general, the nature o f  cracking and final pattem o f failure cracks is similar 
among the three replicate specimens. Two examples o f pattems with replicate specimens 
are shown in Figure 28. Pattem  PB-UCL4-P13 specimens, all show a vertical tensile 
crack from the top surface down to the left-most void, shear cracking between
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neighboring voids towards the right, and a series o f  tensile cracks connecting the bottom 
surface to the voids above. The top right void is not intersected by any cracks. In pattem 
PB-UCS22-P12, the bottom right portion o f  each specimen has failed by tensile splitting 
and shear cracking between voids, while the top left portion o f  each specimen is crack 
free. More examples o f  this similar replicate behavior can be seen in Figure 28 and 
Appendix V.
PB-UCL4-P13-A,B,CE = 9.95, 7.40, 8.58 E.,, = 8.65 GPa UCS = 11.4, 11.6, 13.2 UCS^vc = 12.1 MPa
       -
PB-UCS22-P12-A,B,C E = 8.51, 8.30, 9.36 = 8.72 GPa UCS = 17.2, 16.9, 18.3 UCSavc = 17.5 MPa
#  # . # /  #  *  g *. • M . • «
• ,i
m  m.
#
##
#
Figure 28: Photos o f replicate specimens after testing (side view)
The mechanical properties o f  replicate specimens are also similar. Typically, the 
standard deviation o f  both Y oung’s modulus and ultimate strength values for the group of
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three replicates is around 1 to 2 GPa. The specimens shown in Figure 28 (and in 
Appendix V) demonstrate this trend. Note that in the Figure, the individual (and average) 
modulus and strength values for each specimen appear above the specimen photos.
In Figure 28, E is Best-fit Young’s modulus. Have is the average E, UCS is the 
uniaxial compressive strength, and UCSave is the average UCS. For specimen PB- 
UCS22-B, the cracks are not very visible in the photo; however, the cracking pattem  is 
similar to specimens A and C.
6.1.3 Mechanical property relationships
6.1.3.1 Uniaxial compressive strength (UCS)
As discussed earlier, uniaxial compressive strength (UCS) is the ultimate strength o f 
the specimen and is obtained by dividing the maximum stress to area o f  the specimen. 
Uniaxial compressive strength for solid specimen is provided in Section 6.1. UCS value 
for the specimen with voids is shown in Figure 28 and is provided at the top. Both o f  the 
pattems shown in Figure 28 have approximately the same void porosity. Since void 
porosity has been the proposed primary physical property used to predict mechanical 
properties, the similar results in UCS values are expected. UCS o f 12.1 M Pa and 17.5 
MPa are within one standard deviation o f the average value (15.3) for 13% void porosity 
specimens (Table 14).
Table 14 presents a summary o f  all (all size and shape voids) analog rock pattem 
results grouped by void porosity (data from pattem types A, B, and C are combined). 
These results confirm the expected result that uniaxial compressive strength decrease 
systematically with increasing void porosity. The standard deviation value shows that 
there is more scatter in strength values and it resulted after significant specimen damage
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occurred. In Table 14, P represents porosity followed by number that represents void 
porosity in percentage. From the table, it can be said that UCS decreases to 80% o f its 
original value (solid specimen UCS) at 19% porosity.
Table 14; UCS values summarized by void porosity
Porosity
Groups
No. o f 
specimens
Ave. Void 
Porosity
UCS
(MPa)
UCS Stan. 
Deviation
P6, P7 20 7 % 22.3 3.2
P 1 2 ,P 1 3 ,P I5 20 13% 15.1 2.5
P I 8, P I 9, P20 12 19% 9.9 2.1
UCS values are plotted with void porosity for all o f  the specimens in Figure 29 and 
details o f  the data are provided in Table 27 in Appendix V. The relationship between 
UCS and void porosity is roughly linear as shown in Figure 29. The average “r^” value 
(coefficient o f  determination) o f  the best-fit linear trend lines for the strength plot is 0.83 
with a standard deviation o f  0.04. The value o f  r^, which is between 0 and 1, is a measure 
o f  fitness o f  data to the regression line. A value o f  r  ^ closer to 1 indicates that data has a 
statistically good trend. This experimental observation is valid for specimens with an 
initial porosity ranging from about 5 to 20 percent (the lower and upper limits o f this 
research).
61
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UCS vs Void Porosity
•  Circular Pattern A
•  Circular Pattem B
•  Circular Pattem C 
Diamond Pattem A 
Diamond Pattem B 
Square Pattem A 
Square Pattem B
0.00 5.00 10.00 15.00
Void Porosity
20.00 25.00
Figure 29; Variation in UCS values (MPa) with void porosity (%)
6.1.3.1.1 Effect o f  spatial distribution o f  voids on UCS
Pattems A, B, and C represent different randomly generated void geometries but 
examining plots and statistics o f results for UCS values, in general, each o f  them yield 
similar results and trends o f behavior (Table 15, Figure 29) as void porosity is same. 
UCS is independent on the pattem  type, except that voids that are close will leads to 
lower UCS. In Table 15, “S.D.” is standard deviation; Void size and shape data is 
combined.
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Table 15: Comparison of results o f UCS for pattems A, B, and C
Pattem  Type No. o f 
specimens
UCS
(MPa)
UCS
S.D.
A 12 16.6 5.3
B 12 16.0 5.8
C 12 14.8 5.9
6.1.3.1.2 Effect o f  void size on UCS
Pattems A, B, and C and different void sizes are designed to study the effect o f  void 
size on mechanical properties. Target porosities are created using only small-sized voids, 
only medium-sized voids, only large-sized voids. Some specimens are also produced that 
combined different size circular voids and target certain void porosities. After uniaxial 
compression testing, the small-, medium-, large- and mixed-size circular void data is 
plotted separately by pattem type. Table 16 summaries the data that also illustrates a 
correlation between void size and UCS.
Plots o f  strength vs. void porosity in pattem s A and B showed a slight dependence on 
size: at similar void porosities, smaller void specimens have slightly higher strengths than 
larger void specimens. For pattem  C no size dependence was evident; all the plots 
overlap each other. The mixed size void specimen results plotted in between the small 
and large void data. Breaking Table 16 data into porosity groups, the same overall trend 
is evident as shown in Table 17. This effect could be due to the average lengths between 
voids is being larger in smaller void specimens.
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 16: Uniaxial compressive strength values for different void size
Pattem
Type
No. o f 
specimens
UCS
(MPa)
UCS
S.D.
Large 9 14.4 4.6
Medium 9 16.0 6.5
Small 9 17.3 6.2
Table 17: Uniaxial compressive strength for different void size for void porosity
Porosity
Groups
No. o f 
specimens
Large
UCS
(MPa)
Large
S.D.
Medium
UCS
(MPa)
Medium
S.D.
Small
UCS
(MPa)
Small
S .D .
P6, P7 3 19.5 2.9 22.6 0.1 24.4 3.6
P12,P13 3 14.0 1.7 16.6 2.4 16.2 1.6
P18,P19,
P20
3 9.7 0.1 8.6 4.0 11.1 1.8
6.1.3.1.3 Effect o f  void shape on UCS
In Figure 29, it appears that void shape have an impact on specimen strength. In this 
figure, circle markers are used for specimens with circular voids, square markers for 
square voids, and diamond markers for diamond voids. Two pattem types (A and B) were 
used for square and diamond void specimens. To further distinguish between specimen 
data on plots, dashed trend lines are used to represent the best linear-fit to the square - 
void specimen data, straight trend lines for circular-void specimen, and lines with dots 
represents diamond-void specimen. Since the size o f  void has only slight effect on UCS
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in this research (Section 6.1.3.1.2), void size is ignored as a variable o f  interest in 
examining the effect o f  void shape.
In the UCS versus void porosity plot the points seem bunched according to shape 
(squares highest, diamonds lowest); square void specimen trend lines plot higher than the 
circular void specimen trend lines, which plot higher than diamond void specimen trend 
lines; finally, there is relatively little scatter or overlap o f different shape data. Statistics 
on the trend lines confirm this, as the average “r^” is 0.83 and a standard deviation o f 
0.04. The reason for this trend is because the square voids have a flat surface which helps 
to attain more strength before cracking while diamond void have sharp comers which 
reduces the strength. For both A and B pattem s, large and small square voids have higher 
strengths than any diamond voids. Accordingly, all other things being equal, the square 
void specimens have the highest strength, diamond void specimen gives the minimum 
strength, and circular void specimens have an in-between strength.
Square, diamond, and circular shape voids are molded into identical geometrical 
locations within specimens (one pattem  is shown in Figure 30). Diamond voids are all 
placed in an orientation such that their points lined up with the vertical and horizontal, 
and squares voids are always lined up with their sides parallel to the sides o f the 
specimen. Considering a hypothetical uniform patteming o f voids where the centers o f 
diamonds, squares, and circles line up vertically and horizontally, it is obvious that 
diamond-void pattems would produce the shortest distance between void comers (bridge 
length) and square-void pattem s the longest distance between voids.
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PB-USqL6-P13-A,B,C E = 8.07, 8.03, 8.43 Eave = 8.18 GPa UCS = 20.2, 19.1, 20.4 UCSave = 19.9 MPa
m
m
PB-UDmL6-P13-A,B,C E =  10.3, 7.62, 9.69 Eave = 9.22 GPa U C S -9 .9 ,  10.4, 11.1 UCSave -  10.5 MPa
♦
Figure 30: Replicate specimens with square- and diamond-shaped voids
In this research, void patterns are generated by successively locating additional voids 
at random to achieve certain void porosity. Even with this more random geometry, Figure 
30 appears to show that square-void bridge lengths tend to be longer than diamond-void 
bridge lengths, which means that there is higher stress concentrations existed in diamond- 
void specimen bridge material than square-void bridge lengths. Some o f  the cracks are 
hard to see in the figure, but generally void-to-void cracking occurs by tensile splits or by 
diagonal shear, often initiating and ending at sharp comers (not the shortest distance
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between voids). In addition, the diamond shape and orientation is more conducive to 
initiation o f  the typical vertical tensile splitting. Thus it can be said that these two factors, 
on the average, will cause cracks to initiate earlier in the diamond void specimens, and 
results in a smaller ultimate failure stresses. Circular void geometry and specimen 
behavior is expected to lie somewhere in between that of square and diamond void 
specimens.
6.1.3.1.4 Normalized plots o f  UCS
It may be useful to normalize the experimental results plotted in Figure 29 to compare 
the results from the previous work done on actual lithophysal tuff. Avar et al. (2003) and 
Hudyma et al. (2004) used normalization to compare trends among the different materials 
tested (lithophysal rock and Plaster o f  Paris). Even though rock is much stiffer and 
stronger than Plaster o f  Paris, the normalized strength results from these materials 
essentially plotted on top o f each other (Hudyma et al., 2004). Normalization is 
accomplished by dividing the various values o f  strength determined from tests on 
specimens with voids by the average solid specimen values (55.01 MPa). Figure 31 is the 
normalized plots o f the experimental results o f this study, not distinguishing shape or size 
o f void. An exponential fit curve is used to plot the normalized curve as shown. The 
exponential equation for normalized UCS vs. void porosity plot for this study is given in 
Eq. 6.1. Avar (2003) does not find the exponential equation for normalized uniaxial 
compressive strength.
UCS =  Eq. 6.1
U C S o
The r  ^ value comes out to be 0.58 which shows that normalized strength plot have more 
scatter in data.
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Normalized Uniaxial Conpressive Strength vs Void Porosity
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Figure 31 ; Relationship between normalized uniaxial compressive strength and void
porosity
6.1.3.2 Young’s Modulus
Y oung’s Modulus discussed in this section is the best-fit young’s modulus calculated 
linearly from 25-50% o f the uniaxial compressive strength. Both o f  the patterns shown in 
Figure 28 have approximately the same void porosity, the similar results in average 
modulus, 8.65 GPa and 8.72 GPa, respectively is expected, even though the geometrical 
pattern o f  voids in the patterns is quite different as given in Table 18.
From the table 18 it can be said that Young’s modulus decreases with increasing void 
porosity. The standard deviations illustrate that there is less scatter in the data for elastic 
modulus values in comparison with UCS data. Since the E value used in Table 18 and 
Figure 32 is determined as a linear best fit between values o f 25% and 50% ultimate
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strength, little or no eraeking oceurred to influenee elastic property results. Y oung’s 
modulus deereases to 45% o f its original value at 19% porosity.
Table 18: Y oung’s modulus summarized by void porosity
Porosity
Groups
No. of 
specimens
Ave. Void 
Porosity
E
(GPa)
E Stan. 
Deviation
P 6 , P7 2 0 7% 1 1 . 0 1 . 0
P 12 ,P 13 ,P 15 2 0 13% 9.9 1 . 6
P18,P19, P20 1 2 19% 8.6 1.4
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Figure 32: Variation in young’s modulus (GPa) with void porosity (%
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The relationship between Y oung’s modulus with void porosity is roughly linear as 
shown in Figure 32, details o f all the data is provided in Table 27 in Appendix V. The 
average "r^” value (coefficient o f  determination) o f  the best-fit linear trend lines for 
young’s modulus plot is 0.43 with a standard deviation o f  0.32 as shown in Figure 32. 
This experimental observation is valid for specimens with an initial porosity ranging 
from about 5 to 20 percent (the lower and upper limits o f  this research).
6.1.3.2.1 Effect o f  spatial distribution o f  voids on young’s modulus
Patterns A, B, and C represent different spatial distribution o f void geometry but 
examining plots and statistics o f  results for Y oung’s modulus values, all three patterns 
yield similar results and similar trends o f  behavior (Table 19, Figure 32) as void porosity 
is same. No property dependency based on pattern type could be identified. In Table 19, 
“Best-Fit” is 25 to 50% best-fit Y oung’s modulus, “BF” is Best-Fit, void size and shape 
data is combined.
Table 19; Comparison o f  results o f  young’s modulus for patterns A, B, and C
Pattern Type No. o f 
specimens
Best Fit 
(GPa)
BF
S.D.
A 1 2 9.3 1.5
B 1 2 10.4 1.5
C 1 2 10.4 2 . 0
6.1.3.2.2 Effect o f  void size on young’s modulus
Different void sizes are used for three patterns to study its effect on young’s modulus. 
Target porosities are created as discussed in section 6 .1.3.1.2. Plots o f best-fit Y oung’s
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modulus vs. void porosity showed no discernable dependence on void size; all the data in 
the plots overlaps eaeh other. Table 20 summarizes the statistics o f circular A, B, and C 
pattern specimens grouped by void size, the relatively large standard deviations are due 
to values included from various porosities. This data shows essentially the same average 
value o f  Y oung’s modulus. No clear dependence between Y oung’s modulus and size o f 
void is found. Table 21 shows the E values for large, medium and small voids 
corresponding to particular porosity.
Table 20: Young’s modulus dependence on void size
Pattern
Type
No. o f 
specimens
Best Fit 
(GPa)
BF
S.D.
Large 9 9.6 1.4
Medium 9 1 0 . 1 1.9
Small 9 1 0 . 2 1.4
Table 21 : Y oung’s modulus for eaeh porosity for different void sizes
Porosity
Groups
No. o f 
specimens
Large 
E (GPa)
Medium 
E (GPa)
Small 
E (GPa)
P 6 , P7 3 1 0 . 2 1 2 . 0 11.4
P12,P13 3 9.3 9.9 10.3
P18, P19, 
P20
3 10.3 9.3 8.2
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6 .1.3.2.3 Effect o f  void shape on young’s modulus
In Figure 32, it appears that void shape does not influenee young’s modulus values. 
In this figure, circle markers are used for specimens with circular voids, square markers 
for square voids, and diamond markers for diamond voids. Two pattern types (A and B) 
were used for square and diamond void specimens. To further distinguish between 
specimen data on plots, dashed trend lines are used to represent the best linear-fit to the 
square-void specimen data, straight trend lines for circular-void specimen, and lines with 
dots represents diamond-void specimen. Since size o f  void has no effect on Young’s 
modulus in this study (Section 6 .1.3.1.2), void size is ignored as a variable o f  interest in 
examining the effect o f  void shape.
In the modulus vs. porosity plot (Figure 32), it can be said that most o f  the data points 
are bunched in the same range o f  modulus ( 6 - 1 2  GPa) for a given porosity value, the 
various shape trend-lines are overlapping, and there seems to be a significant amount o f 
scatter in results (r^ = 0.43). Void shape is deemed to be insignificant to modulus.
6 .1.3.2.4 Normalized plots o f  young’s modulus
To compare the results from the previous work done on actual lithophysal tuff, 
normalized plot o f  young’s modulus is plotted. The equations give by normalized plot 
provided by Avar et al., 2003 for Plaster o f  Paris can be compared with this study o f 
FlydroStoneTB® specimens. Normalization is dividing the various values o f modulus 
determined from tests on specimens with voids by the average solid specimen values. 
Figure 33 is the normalized plot o f  the experimental results o f  Y oung’s modulus o f  this 
study, not distinguishing shape or size o f void. An exponential fit curve is used to plot the 
normalized curve as shown in Figure 33. Avar (2003) obtained an exponential equation
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between the normalized young’s modulus and porosity for specimen having uniformly
distributed tubes in Plaster o f  Paris as given in Eq. 6.2.
E = e 0 03294P............................................................ Eq. 6.2
E o
where p is the porosity. The r  ^ value provided by Avar (2003) is 0.9397. An exponential 
equation obtained from the normalized young’s modulus vs. void porosity plot for this 
study data is given in Eq. 6.3.
E  Eq. 6.3
There is lot o f  scatter o f  the data in plot as shown by the r value (0.082) as shown in 
Figure 33. Eq. 6.2 and 6.3 shows that the normalized plot for Plaster o f  Paris cubical 
specimens and HydroStoneTB® cubical specimens respectively follows a same trend and 
approximately same equation but with different scatter.
Normalized Best Fit Young's Modulus versus Void 
Porosity
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Figure 33: Relationship between normalized best fit young’s modulus and void porosity
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6.1.3.3 Uniaxial compressive strength vs. young’s modulus
The relationship between uniaxial strength and young’s modulus is plotted in Figure 
34. The figure illustrates that modulus correlates positively to uniaxial strength in a linear 
manner, but the fit involves a significant amount o f scatter. The average “r^” value o f the 
best-fit linear trend lines for UCS vs. young’s modulus plot is 0.56 with a standard 
deviation o f  0.26 as shown in Figure 34.
UCS vs Best fit curve (25-50%)
35
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25
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•  Circular Pattern B
•  Circular Pattern C
•  Diamond Pattern A
•  Diamond Pattern B
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Figure 34: Variation in uniaxial compressive strength with best-fit young’s modulus
Normalized plot between uniaxial compressive strength and young’s modulus is also 
plotted to see the trend and is shown in Figure 35. The correlation between normalized 
UCS vs. normalized E values is given by exponential equation provided as Eq. 6.4.
E = 0.4816e'0.822% .Eq. 6.4
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where x is normalized UCS value in Eq. 6.4. The coefficient o f  determination is 0.42, 
which shows there is lot o f scatter in the data.
Normalized Uniaxial Compressive Strength versus Normalized Best Fit Young^s
Modulus
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Figure 35; Relationship between normalized UCS and young’s modulus
6.2 Comparison between experimental and numerical analysis
The general experimental stress-strain response o f  the HydroStoneTB® analog rock as 
well as the nature o f  failure described in Section 6.1.2 is very similar to that described for 
the PFC and UDEC computational models (BSC 2004 [DIRS 166107]). In these 
numerical models, adding voids results in significant decreases in both the peak strength 
and young’s modulus. The numerical model failure mechanism are described as largely 
consisting o f  failure o f  local bridge material between adjacent voids, resulting in a 
progressive failure o f the weakest link along directions conducive to shear or vertical
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tensile splitting. Overall the numerical stress-strain response is characterizes as being 
brittle. The nature and manner o f  failure o f the experimental tests confirms the behavior 
o f  the numerical models.
The effect o f  void shape on mechanical properties is studied numerically by 
simulating uniaxial compressive tests using PFC2D models with voids (BSC 2004 [DIRS 
166107], Section 6.5.4). Three constant size void shapes (circles, triangles and stars) are 
placed in random locations and orientations in numerical models. The numerical study 
predicted that void shape significantly affected young’s modulus (Figure 36, E vs. Void 
Porosity plot). Circular void specimens give the stiffest response, triangle void specimens 
a less stiff response, and star-shaped voids results in the least stiff behavior for similar 
void porosity. As discussed in Section 6 .1.3.2.3, the present experimental study does not 
validate that void shape is significant to young’s modulus values. The experimental 
results make more sense as long as stresses and strains are in elastic range for young’s 
modulus determination.
The numerical study also predicted that void shape significantly affects uniaxial 
compressive strength (Figure 37). The numerical model predicts that specimens with 
circular voids have the highest strength, triangular voids less strength and star-shaped 
voids the least strength (Figure 37, UCS vs. Void Porosity plot). Square-shaped voids are 
not modeled in the numerical study. As discussed in Section 6 .1.3.1.3, the experimental 
testing confirmed a correlation between shape and specimen uniaxial compressive 
strength. As can be seen in the plots, there is a relatively small amount o f scatter about 
the trend line for the numerical models.
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Figure 36: PFC2D numerical study predieting affect o f void shape on young’s 
modulus (plot is in worksheets “E(e-t-s)” in the file “ShapeStudy.xls”)
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Figure 37: PFC2D numerical study predicting affect o f void shape on uniaxial 
compressive strength (plot is in worksheets “qu(c-t-s)” in the file “ShapeStudy.xls”)
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Figures 38 and 39 shows the normalized results from PFC numerical model 
predictions, large core lithophysal tu ff experimental results and HydroStoneTB® 
experimental results. In Figure 38, the normalized modulus versus void porosity plot for 
the HydroStoneTB® speeimens overlaps the PFC numerical predictions, but with more 
scatter apparent in the experimental data. In Figure 38, the normalized strength versus 
void porosity plot for the HydroStoneTB® specimens forms a lower bound to the PFC 
numerical predictions, again with a fair amount o f  scatter in the experimental data.
The numerical shape predictions tightly overlap eaeh other along an exponential 
curve in a normalized plot o f  strength versus Y oung’s modulus (Figure 39). The analog 
rock experimental data plots below the numerical predictions and is much more scattered.
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Figure 39: Normalized PFC numerical predictions, tu ff and analog rock results (UCS vs.
E) (Source: 013DR.001, plot is in worksheets “E qu(e-t-s) norm” in the file
“ShapeStudy.xls” .)
The manner and nature o f  failure observed during experimental testing is consistent 
with that predicted by the numerical models. The analog material experimental data does 
not confirm the numerical prediction o f  Young’s modulus being dependent on void 
shape; however, the experimental data confirms that void shape does influence uniaxial 
strength. Experimental scatter in mechanical properties is significantly greater than that 
predicted by the numerical models for all values o f void porosity. The normalized 
experimental data provides a reasonable match to numerical predictions for the modulus 
versus void porosity plot, but is not a good match for the strength versus void porosity 
plot since experimental data is essentially a lower bound to the numerical predictions.
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The experimental data also plots below the numerical predictions in the normalized 
strength versus modulus plot.
6.3 Conclusions o f results and future work
>  Uniaxial testing o f  ten solid specimens o f  HydroStoneTB® yields sudden and 
catastrophic brittle failure averaging a Y oung’s modulus o f  16 GPa, Poisson’s 
ratio o f 0.28, and an average ultimate strength o f 55 MPa. This stiffness and 
strength is close to but slightly lower than the same property values o f  actual 
tuff.
>  The observed uniaxial stress-strain behavior o f HydroStoneTB® specimens 
with voids is linear elastic up to a stress o f about 75 percent o f  ultimate 
strength. Specimen failure is achieved by a series o f  local failures with 
progressive cracking between voids and edges o f the specimen, but generally, 
most (and sometimes all) visible cracking occurs at the time o f ultimate 
loading. The final failure pattern is typically a combination o f  tensile splitting 
and diagonal shear. A plane strain condition o f specimens is noted with 
similar cracking patterns visible on both the front and backsides o f  specimens.
>  The replicate specimen tests generally yield similar patterns o f  failure (both in 
location and number o f  progressive cracks and final cracking patterns). 
Replicate tests also have relatively similar values o f strength and modulus.
>  Y oung’s modulus determinations results that tangent at 50% have the highest 
value, best fit over 25 to 50% gives an intermediate value, and the 0 to 50%
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secant value gives the lowest young’s modulus. It is suggested that the best-fit 
young’s modulus (25 to 50%) be used.
>  The HydroStoneTB® uniaxial experimental results show that as void porosity 
increases, both the Y oung’s modulus and ultimate strength values decrease. 
The void porosity is the primary physical property useful for predicting 
mechanical properties, more significant than size or shape o f void. At similar 
void porosities, there is higher scatter in strength results than for Y oung’s 
modulus values. The modulus and strength with void porosity relationships 
are essentially linear over the 5 to 20 percent void porosity range; this 
relationship does not hold when zero void porosity (solid specimen) results 
are considered. Uniaxial compressive strength drops from 100 to 60 to 80 
percent as the void porosity increases from 0 to 7 to 19 percent respectively. 
As the void porosity increases from 0 to 7 to 19 percent, young’s modulus 
decreases from 100 to 30 to 50 percent respectively.
>  There is no correlation between spatial distribution o f  voids and mechanical 
properties. All three patterns give the same results for mechanical properties 
o f rocks.
>  The experimental data shows no dependence o f Young’s modulus on void 
shape, but a moderate correlation between strength and void shape. It is likely 
that the shape dependence is related to both orientation o f  the shapes and 
average distance between voids.
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>  No dependence o f  young’s modulus on void size is discernable. There may 
be a slight dependence o f  uniaxial strength on void size; smaller void 
specimens tend to have higher strengths.
>  A linear relationship exists between modulus and strength, although a fair 
amount o f  scatter is seen. Patterns A, B, and C in this research each give 
basically the same statistical trends and results.
Future work:
❖ Numerical testing o f  this research is not done with UDEC, so UDEC can be 
validated for the analog solid specimen and tested for specimen with voids and 
results can be compared.
♦> Failure modes o f  the specimens with voids can be studied corresponding to the 
distance between voids (bridge length).
♦> Different size o f specimen can be prepared and tested at different temperatures. 
Effect o f  sample size and temperature on the mechanical properties o f  the rocks 
can be studied.
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APPENDIX I
MICRO-POROSITY CALCULATION OF HYDROSTONETB® AND VOID
LOCATION
M icro-porosity calculation
M icro-porosity o f  the HydroStoneTB was obtained by using the method given in 
ASTM Designation: C20-00: Standard test methods for the Apparent Porosity, Water 
Absorption, Apparent Specific Gravity, and Bulk Density o f  Burned Refractory Brick 
and Shapes by Boiling Water. Eight Specimens were cut into small chunks having 
volume approximately 25 to 30 cm^ as shown in Figure 40. All loosely adhering particles 
were removed. Test specimens were dried to constant weight by heating to 220 to 230*^F 
(105 to 1 lO^ ’C) and dry weight (D) was determined in grams, to the nearest O.lg. Drying 
o f  the specimens was usually done before saturating the specimens, i f  however, the 
specimens were friable or evidence indicates that particles have been broken loose during 
saturation process, drying will also be done after the suspended and saturated weight was 
obtained. In this case, all o f  the specimens were break during saturation so drying is done 
after saturation process and this weight was used for calculations o f  micro-porosity.
Specimens were placed in water, fully covered with water and small spacers were 
placed at the bottom so that no contact is made with heated bottom o f container. 
Specimen was then boiled for more than 2 hr. as shown in Figure 4L
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Figure 40: Different Dry Samples for micro-oorosity determination 
After boiling, specimens were allowed to cool to room temperature and completely 
immersed in water for minimum o f 12 hrs before weighing. W eight S o f  each specimen 
after boiling and during suspended in water was determined in grams to the nearest O.lg 
using Model SG-20 Specific Gravity Bench as shown in Figure 42.
Figure 41 : Samples during boiling and specimen with small spacers 
After determining the suspended weight, each specimen were blotted lightly with 
moistened smooth linen or cotton cloth to remove all drops o f water from the surface and 
saturated weight W was determined, in grams to the nearest O.lg.
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Figure 42: Method used to determine suspended weight, S
Apparent micro-porosity was obtained by using the formula:
P, % = [(W-D)/V] X  100 
where W = Saturated weight, g 
D = dry weight, g
V, cm^ = W -  S, S = suspended weight, g 
Table 21 shows the micro-porosity values for two different pours o f  HydroStone and
water.
Statistical Analysis for the micro-porosity data
Statistical analysis is done on the data o f  Table 4.1. Unpaired t-test is done to find 
whether the null hypothesis given in Eq. A .l can be accepted or not.
Null hypothesis: Ho = pi -  [I2 all the means are e q u a l...................................................Eq. A .l
Alternate Hypothesis: H, = p, 9  ^ p z , means are not e q u a l Eq. A.2
Table 22: Statistical analysis o f micro-porosity data
Group Mean SD SEM Count
1 22.29 0.745 0.43 3
2 21.35 1.051 0.525 4
P-value = 0.2465 (a  = 0.05)
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Results:
• The two-tailed P value equals 0.2465 which is greater than a  = 0.05 (90% 
eonfidence). By conventional criteria, this difference is considered to be not 
statistieally significant. So null hypothesis is accepted which means that the mean 
o f  the two samples are equal.
•  The mean o f  Group 1 minus Group 2 equals 0.94. 95% Confidence interval for
this difference is (-0.9041, 2.7891) which shows that zero lies inside the interval
so at 95% Cl, mean for the samples are equal.
So, micro-porosity and specific gravity o f the HydroStoneTB® comes out to be 21.82
~ 22.0 % and 2.17 respectively. Statistical analysis shows that the mean are dependent 
for two o f  the samples, so HydroStoneTB micro-porosity is assumed to be same for 
entire specimens and is neglected.
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Table 23: Pattern A Void Location Detail
Hole # Diameter Radius
X-coordinate
(inch.)
Y-coordinate
(inch.)
Actual
Value
Actual
Value
1 0.231 0.115 3.495 3.496 0.000 0.000
2 0.231 0.115 1.642 5.245 -1.854 1.748
3 0.231 0.115 4.689 2.450 1.193 -1.047
4 0.231 0.115 1.818 2.774 -1.677 -0.717
5 0.231 0.115 5.556 4.452 2.059 0.957
6 0.231 0.115 4.019 4.995 0.520 1.500
7 0.231 0.115 3.300 1.879 -0.194 -1.614
8 0.231 0.115 2.006 3.909 -1.492 0.413
9 0.231 0.115 5.369 L528 1.874 -1.969
10 0.231 0.115 2.729 4.876 -0.768 1.382
11 0.231 0.115 1.903 1.238 -1.591 -2.244
12 0.231 0.115 5.543 5.704 2.051 2.213
13 0.231 0.115 5.802 2.744 2.303 -0.752
14 0.231 0.115 4.643 3 602 1.150 0.194
15 0.231 0.115 4.236 1.208 0.740 -2.283
16 0.231 0.115 5.445 3.486 1.949 -0.016
17 0.231 0.115 2.700 Z888 -0.795 -0.602
18 0.231 0.115 3 946 4.171 0.445 0.673
19 0.231 0.115 2.581 5.672 -0.913 2.177
20 0.231 0.115 3.937 5.869 0.441 2.370
21 0.231 0.115 2.881 4.030 -0.618 0.535
22 0.231 0.115 1.342 1.918 -2.154 -1.579
23 0.231 0.115 3.066 1.097 -0.429 -2.394
24 0.231 0.115 Z453 1.870 -1.039 -1.630
25 0.231 0.115 3.913 2.356 0.417 -1.142
26 0.231 0.115 1.037 1.000 -2.453 -2.488
27 0.231 0.115 1.126 3.785 -2.366 0.291
28 0.231 0.115 5.020 5.011 1.531 1.516
29 0.231 0.115 4.752 5.966 1.252 2.472
30 0.231 0.115 1.063 2.677 -2.433 -0.819
31 0.231 0.115 1.115 4.685 -2.378 1.197
32 0.231 0.115 1.417 5.972 -2.079 2.480
33 0.231 0.115 5.949 1.000 2.457 -2.492
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Table 24: Pattern B Void Location Detail
Point Diameter Radius X-coordinate(inch.)
Y-coordinate
(inch.)
Actual
Value
Actual
Value
1 0.236 0.118 2.001 2.001 -1.500 -1.500
2 0.236 0.118 3.517 2.469 0.016 -1.043
3 0.236 0.118 4.999 2.921 1.496 -0.575
4 0.236 0.118 1.903 4.459 -1.594 0.957
5 0.236 0.118 3.548 5.172 0.048 1.669
6 0.236 0.118 5.364 4.675 1.866 1.177
7 0.236 0.118 5.611 1.545 2.110 -1.953
8 0.236 0.118 T859 T886 0.356 0.378
9 0.236 0.118 3.271 1.259 -0.237 -2.244
10 0.236 0.118 2.022 3.330 -1.476 -0.181
11 0.236 0.118 1.762 5.732 -1.736 2328
12 0.236 0.118 4.807 5.718 1.311 2.220
13 0.236 0.118 4.435 1.780 0.929 -1.724
14 0.236 0.118 1.201 5.207 -2.303 -2.303
15 0.236 0.118 3.000 4.493 -0.508 0.992
16 0.236 0.118 2.269 1.289 -1.240 -2.217
17 0 J3 6 0.118 2.757 2.397 -0.756 -1.102
18 0.236 0.118 1.333 2.468 -2.173 -1.035
19 0.236 0.118 5.726 5355 2.224 1.858
20 0.236 0.118 1.071 4.429 -2.425 0.925
21 0.236 0.118 5 j# 2 L759 2.354 0.254
22 0.236 0.118 L282 3.697 -2.228 0.197
23 0.236 0.118 4.176 2.962 0.677 -0.539
24 0.236 0.118 4.196 1.057 0.689 -2.445
25 0.236 0.118 4.569 4.509 1.063 1.008
26 0.236 0.118 1.202 1.195 -2.303 1.705
27 &236 0.118 3.033 3.185 -0.476 -0.317
28 0.236 0.118 2.873 5.780 -0.630 2.276
29 0.236 0.118 5.910 2.449 2.406 -1.059
30 0.236 0.118 4.747 3.757 1.240 0.256
31 0.236 0.118 3.896 5.905 0.392 2.406
32 0.236 0.118 2.463 5.100 -1.035 1.598
33 0.236 0.118 5.001 1.044 1.496 -2.461
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Table 25; Pattern C Void Location Detail
Point Diameter Radius
X-coordinate
(inch.)
Y-coordinate 
(inch.)
Actual
Value
Actual
Value
1 0.240 0.120 1.380 1.372 -2.125 -2.125
2 0.240 0.120 3.518 2.469 0.016 -1.043
3 0.240 0.120 5.002 2.925 1.492 -0.579
4 0.240 0.120 1.913 4.469 -1.594 0.957
5 0.240 0.120 3.560 5.171 0.048 1.669
6 0.240 0.120 5.371 4.677 1.866 1.177
7 0.240 0.120 1.686 2.596 -1.823 -0.902
8 0.240 0.120 5.612 1.552 2.110 -1.945
9 0.240 0.120 3.861 3.881 0.356 0.378
10 0.240 0.120 4.144 1.241 0.642 -2.260
11 0.240 0.120 1.766 5.725 -1.736 2.228
12 0.240 0.120 2.601 3.436 -0.906 -0.070
13 0.240 0.120 5.597 5.726 2.094 2.220
14 0.240 0.120 3.212 1.372 -0.289 -2.126
15 0.240 0.120 3.004 4.490 -0.508 Oj#8
16 0.240 0.120 2^18 2/463 -0.992 -1.035
17 0.240 0.120 4.129 2.012 0.626 -1.492
18 0.240 0.120 1.074 3.591 -2.425 0.093
19 0.240 0.120 5.865 1758 2.354 0.254
20 0.240 0.120 4.577 5.473 1.067 1.972
21 0.240 0.120 4.183 2.960 0.677 -0.539
22 0.240 0.120 1.012 1.967 -2.492 -1.535
23 0.240 0.120 4.565 4.509 1.063 1.008
24 0.240 0.120 1.202 5.201 -2.303 1.705
25 0.240 0.120 2.874 5.775 -0.630 2.276
26 0.240 0.120 5.912 2.448 2.406 -1.055
27 0.240 0.120 4.731 3.756 1.224 0.256
28 0.240 0.120 3 896 5.907 0.392 2.406
29 0.240 0.120 2.476 5.103 -1.035 1.598
30 0.240 0.120 3.347 3.260 -0.154 -0.243
31 0.240 0.120 1.022 1.026 -2.484 -2.469
32 0.240 0.120 5.997 5.086 2.496 1.579
33 0.240 0.120 2.274 1.598 -1.234 -1.902
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APPENDIX II
M AKING ANALOG ROCK SPECIMENS FOR UNIAXIAL TESTING
PURPOSE AND SCOPE
This procedure covers techniques for making, curing, and preparing analog rock 
test specimens o f  Hydro-Stone® in the laboratory to be used for mechanical testing. 
This procedure provides instructions for the following processes:
•  M old preparation,
•  Batch mixing and pouring,
•  Specimen finishing,
•  M old removal,
•  Specimen curing,
•  Check o f specimen dimensional tolerances, and
•  Quality control o f  data.
No technical or regulatory requirements have been identified as applicable for this 
procedure.
APPLICABILITY
This procedure applies solely to the production and preparation o f analog rock 
specimens. These specimens may be used for uniaxial compression, triaxial 
compression, pulse velocity (dynamic elastic properties), and creep testing. The 
activities described in this Implementing Procedure (IP) are subject to NSHE 
Quality Assurance Program requirements.
PROCEDURE
Technical Staff: W hen unable to comply with the specified steps o f  this procedure, 
suspend work and resume only after the procedure has been revised, or a Document 
Change Notice has been documented in accordance with QAP-2.0, “Quality 
Assurance Program -  Preparation, Approval, and Revision o f  Procedures.”
Individuals working to this IP must follow the procedure steps in the order given 
unless otherwise directed.
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Only personnel who meet the requirements in their training matrix as specified by 
the Principal Investigator shall perform the work herein. Careful and 
knowledgeable handling o f  materials, mixing, molding test specimens, curing 
specimens, and determination o f  dimensional tolerances o f  test specimens is 
necessary. Only persons who have received the necessary instructions for 
operating the surface grinder should operate the equipment (see the Civil 
Engineering Technician). Safety glasses must be worn when operating the grinder.
The mold consists o f three parts; base plate, rods and side plates. The rods are used 
to create preplanned holes into the specimen. The rods are attached to the base 
plate. The side plates are connected together and to the base plate to form a box 
with an open top. All mold connections are made using hex bolts.
The materials associated with this procedure consist o f commercially available 
Hydro-Stone® gypsum cement, Canola oil cooking spray, and tap water. Hydro- 
Stone® is a mixture o f  Plaster o f  Paris (more than 90 percent by weight), Portland 
Cement (less than 5 percent), and crystalline silica (less than 5 percent).
Caution; When mixed with water, Hydro-Stone^ gypsum cement hardens and 
becomes very hot -  sometimes quickly. Portland cement is strongly alkaline and 
contact with dust or when wetted can cause burns or irritation to the skin, eyes, 
nose, throat, or respiratory system. Avoid dust inhalation and eye/skin contact. 
Wear eye and skin protection. If  eye contact occurs, immediately flush thoroughly 
with water for 15 minutes and get medical attention.
MOLD PREPARATION
Mold preparation deals with the physical assembly o f the mold and the application 
o f release agent to the mold. This is the first step done in the production o f  analog 
rock specimens. The mold preparation process is performed as described below.
Equipment List; aluminum mold with hex bolts, work bench paper, Q-tips, masking 
tape, Canola oil cooking spray, sharp pointed object, two 5/8 inch thick supports, 
and cordless screwdriver with hex bit.
Technical Staff;
1. Prepare a clean working area by laying down paper (e.g., heavy weight red 
rosin paper).
2. A mold assembly consists o f  one base plate with holes (for attaching circular 
or square rods) and four solid side plates. It is important that the sample 
sides are smooth, so clean o ff the side plates with # 2  steel wool and then 
wipe them clean. Prior to using the mold assembly, verify that all plates, 
rods and hex bolts are clean, smooth, and have no surface residue. Use Q- 
tips to clean threaded holes in the aluminum plates.
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3. Carefully apply masking tape in a single layer over the top surface o f  the 
base plate. The tape should only cover the area o f  rod attachment holes and 
not extend to the boundary areas where other plates will be bolted.
4. I f  the specimen will contain holes, do the following; if  not, proceed to Step 
5.
■ Puncture and remove the masking tape with a sharp object at the 
locations where rods will be attached by hex bolts.
■ Attach the rods to the base plate with their associated hex bolts.
■ Double-check the location o f the rods against the planned pattern.
■ Thoroughly apply release agent (Canola oil cooking spray) to the 
rods. Verify that the rods are fully and evenly coated; otherwise 
they may bond with the Hydro-Stone® and be difficult to remove.
■ Lay the base plate on its side so that excess release agent may run 
o ff the surface o f  the base plate.
5. Loosely attach two o f the side plates together (plates should not be tight) 
with their hex bolts making certain no foreign particles are present on the 
edges to be bolted together. The longer hex bolts are used for attaching side 
plates; the shorter hex bolts attach the base plate with recessed holes to the 
side plates.
■ Apply release agent to the inner faces o f the two plates.
■ Gently wipe excess release agent from the plates using a paper 
towel. I f  too much agent was removed repeat this process.
6 . Repeat Step 5 with the remaining two side plates.
7. Loosely connect all four side plates together to form a square shell. Arrange 
the side plates so that the holes, which receive hex bolts from the base plate, 
are on top. Place the square shell on two 5/8 ineh thick supports.
8 . Carefully place the base plate (with attached rods) onto the side plates (the 
attached rods will extend below the square shell). Place the shorter hex bolts 
into the recessed base plate holes and loosely tighten them.
9. Tighten all the bolts using the cordless screwdriver set to medium torque 
setting (3 for the Black and Decker model).
10. Lightly spray and wipe down the outside o f  the mold to make cleaning 
easier.
BATCH MIXING AND POURING
Batch mixing and pouring is the process in which the components o f  the analog 
rock material (Hydro-Stone®) are measured, combined, and poured. The process o f 
batch mixing and pouring is described below.
Equipment List: protective eyewear, dust mask, rubber gloves, plastic bucket for 
weighing Hydro-Stone®, large stainless steel mixing bowl for weighing water, small 
stainless steel bowl to hold excess mix, large stainless steel mixing spoon, Hobart 
HCM-300 Mixer, WD-40 lubricant, paper towels, calibrated thermometer, and 
sharp pointed object.
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Safety Note: W ear protective eyewear and dust mask. Gloves may be worn if  
desired.
Technical Staff:
1. Place an adequate amount o f  water aside to come to room temperature.
2. Calculate the amount o f  Hydro-Stone® gypsum cement and water required 
for the specimen using the following methods.
a) M ass o f  Hydro-Stone® gypsum cement calculation
i. Equation: Mass o f  Hydro-Stone® (grams) = 5700 x (1 - n); where 
“rt” is equal to the specim en’s porosity. Note: specimen porosity is 
defined to be the porosity created by making holes in the 
specimen; the natural porosity o f cured Hydro-Stone® gypsum 
cement is ignored. For example a “solid” specimen molded with 
no rods has zero porosity.
ii. After calculating the mass o f  Hydro-Stone® gypsum cement, round 
the value to the nearest 50 grams
b) Mass o f  potable water (H2O) calculation
i. Equation: Mass o f  H2O (grams) = 1/3 x (Rounded Mass o f Hydro- 
Stone® gypsum cement)
ii. Round this result to the nearest gram
c) Example Calculation
i. Specimen Porosity -  19.8%
ii. 5700 X (1 -0 .198) = 4571.4 g + 50 = 4621.4 g
iii. Select 4650 grams o f Hydro-Stone® gypsum cement
iv. 1/3 X 4650 = 1550.0 grams 
V. Select 1550 grams o f  H 2O
3. In accordance with IPLV-003, “Analytical and Top-Loading Balance Use,” 
verify the balance calibration using a calibrated working weight (Troemner 5 
kg weight). The results o f  this daily check must fall within the tolerance 
limits o f  the balance.
4. M easure the required amount o f  Hydro-Stone® gypsum cement and potable 
water. All weighing shall be performed using a calibrated balance according 
to IPLV-003
a) The Hydro-Stone® gypsum cement is placed into a clean container 
(i.e., large plastic bucket).
b) The water is placed into a stainless steel mixing bowl. Measure 
water temperature and room air temperature. The water should be ± 
5° Fahrenheit from room temperature. It is important to keep both 
the Hydro-Stone® gypsum cement and water in a stable temperature 
environment prior to use. The higher the temperature o f  the slurry, 
the shorter the set time.
5. Lock the Hobart HCM-300 mixer bowl (clean) in the upright position. 
Lightly spray the bowel, lid, and center shaft with Canola oil cooking spray 
and wipe the excess lubricant o ff with a paper towel.
6 . Insert the steel mixing attachment into the center o f  the Hobart mixing bowl, 
and use the twist lock knob to lock the mixing attachment in place.
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7. Pour all the water from the steel mixing bowl into the Hobart HCM-300 
mixing bowl.
8. M ix the Hydro-Stone® gypsum cement into the w ater slowly and evenly, 
gently stirring with a large stainless steel spoon when necessary to 
incorporate components (this process should take less than 2 minutes). Do 
not drop handfuls o f  the gypsum cement directly into the water. The Hydro- 
Stone® gypsum cement should be fully dispersed in the water prior to 
mixing.
9. Close the lid to the mixer and lock it.
10. Set the timer on the HCM-300 mixer to 3 minutes and then press and release 
the Start Switch to turn on the mixer.
11. Once the mixer has stopped, unlatch and open the cover.
12. Place the prepared mold diagonally on a support bucket in front o f  the 
mixer. Unlock the Hobart bowl and carefully pour the batch into the mold 
by grasping the cover handle and tilting the bowl. Pour the mix to almost 
fill the mold to its top surface. (The mix should have the consistency o f 
thick syrup.)
13. Carefully move the filled mold to a flat, level surface. Pour the remaining 
batch material into a elean and dry steel mixing bowl. Top o ff the mold 
from material in the mixing bowl.
SPECIMEN FINISHING
Specimen finishing describes the means in which excess air is removed from the 
analog rock specimens and the other steps that are taken prior to the setting o f  the 
specimen. Specimens may set in approximately 5 to 10 minutes so finishing must 
immediately follow batch mixing and pouring. These processes are described 
below.
Equipment List: protective eyewear, rubber gloves, sharp pointed object, finishing 
trowel, rubber mallet, Homedics® Professional Percussion Massager, WD-40 
lubricant, paper towels, cleaning and scraping supplies, and eleetric circulating fan.
Safety Note: W ear protective eyewear. Gloves m ay be worn if  desired.
Technical Staff:
1. Take the Homedics® Professional Percussion M assager (with soft black 
massager cups), adjust vibration speed to high, and place the cups firmly 
against the first side o f  the mold so that entrapped air is induced to escape. 
Maintain vibration until the surface o f  the mixture becomes relatively 
smooth and large air bubbles cease to break through the top surface. 
Continue the vibration only long enough to achieve proper consolidation o f 
the mix (usually about 5 seconds).
2. The remaining three sides o f  the mold should be vibrated for a uniform 
amount o f time. I f  entrapped air at the surface is not released, puncture
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these air bubbles with a sharp, pointed object. Add additional batch 
material, i f  needed, to fill the mold to the top surface.
3. Wipe the excess material o ff o f the mold and allow the specimen to cure, 
being careful not to move or disturb the specimen for at least six hours.
4. Twist o ff  the lock knob and remove the mixing attachment; place it in a 
bucket o f  water. Quickly scrape excess material o ff the mixing attachment, 
m ixing cover and sides o f  the mixing bowl. Then proceed to clean up all 
tools and containers. Clean by adding extra water and rubbing down all 
surfaces until clean. DO NOT POUR WASTE SOLUTION DOW N THE 
DRAIN; it will clog drains and require expensive replacement o f  the pipes. 
Dispose o f  the dirty water and waste mix in the concrete lab disposal area or 
in a bagged container (with trash to absorb water). Once the Hydro-Stone® 
hardens it is safe to dispose o f  in the trash.
5. Clean and then spray the center shaft o f  the Hobart mixer and the inside o f 
the steel mixing attachment with WD-40. Wipe the excess lubricant o ff with 
a paper towel.
6. Place and turn on a circulating fan to promote uniform air circulation for 
assisting specimen drying and curing. Ideally no “dead spots” having little 
or no air movement will be present near samples.
M O LD  R EM O V A L
The mold must not be removed from the specimen until it has set. To allow time for 
these requirements to be met, the mold should be removed 16 ± 4 hours after the 
specimen was prepared. The mold removal procedure is described below.
Equipment List: cordless screwdriver with hex bit, cleaning and scraping supplies, 
and permanent black ink marker.
Safety Note: W ear protective eyewear. Gloves may be worn if  desired.
Technical Staff:
1. Remove the hex bolts fastening the rods in place from the bottom plate.
2. Remove the hex bolts fastening the bottom plate to the side plates.
3. The bottom plate should now be free from the rest o f  the mold. Set it aside 
to be cleaned.
4. If  the specimen contains holes, perform the following steps; if  not, proceed 
to Step 5.
a) Lay the specimen within the mold on one o f  its side plates so that the 
rods are horizontal (parallel to the surface on which the specimen is 
resting).
b) With a rubber mallet, hit the extended end o f  the rod with the least 
amount o f  force required to cause the rod to move. Continue to do 
so until this end o f  the rod is almost flush with the specimen.
c) With the rubber mallet and using minimal force, hit the opposite end 
o f  the rod until the rod is returned to its original position.
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d) Repeat Step “b” and Step “c” until the rod slides easily within the 
specimen.
e) Using a soft, blunt instrument (i.e. wooden rod, or large bolt and 
rubber pad) with a diameter approximately Vi to % o f the rod’s
diameter to push the rod completely out o f  the specimen. I f  the rod
becomes stuck during extraction, tap the wooden rod or bolt with the 
rubber mallet until the rod is loose enough to push out.
f) Repeat Step “b” through Step “e” for all remaining rods.
5. Remove the remaining hex bolts from the side plates. Clean the threads o f 
the bolts. Spray a little WD-40 on the bolts so they will not rust.
6. Remove the freed side plates and set them aside to be cleaned.
7. After the specimen is free o f the mold, label the dimpled face that was
molded against the base plate as “base.” Label one o f the sides o f  the 
specimen perpendicular to but adjoining the base (this face will not contain 
holes) with the specimen ID number and creation date (with permanent 
black ink marker).
8. In accordance with IPLV-003, “Analytical and Top-Loading Balance Use,” 
verify the balance calibration using a calibrated working weight (Troemner 5 
kg weight). The results o f  this daily check must fall within the tolerance 
limits o f  the balance.
9. M easure the initial mass o f the specimen on the balance and record weight.
SPECIMEN CURING
Analog rock specimen curing is the process through which the Hydro-Stone® 
gypsum cement specimens release the excess water that was not required for 
hydration. Hydro-Stone® Compressive strength remains low until about 80 percent 
o f excess water is evaporated, and a rapid gain in strength is achieved while the last 
few percent o f  excess water evaporates. An analog rock specimen will be 
considered cured when specimens are dried to a constant weight. Unlike concrete, 
Hydro-Stone® gypsum cement specimens are not moist cured; rather ambient 
temperature drying rooms or ovens with low humidity are preferred.
Technical Staff:
1. Prepare an area/environment for specimen curing with the following 
characteristics:
a. Free o f water and high humidity
b. Within a reasonable proxim ity to an electronic scale
c. Exposed to circulated air
2. Place the analog rock specimen on small supports (i.e. tile spacers) within the 
curing environment so that air may reach all faces o f  the specimen.
3. Perform periodic measurements o f  the specim en’s mass in accordance with IPLV- 
003 and record mass on the specim en’s “Hydro-Stone® Specimen Record: Sheet
2 . “
4. Retain specimen in the curing area until the specimen is fully cured.
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5. After curing, the specimen can be moved to a storage area. The storage area 
should protect specimens from physical damage, exposure to water, and high 
humidity.
Check o f Specimen Dimensional Tolerances
This section specifies the procedures for determining the dimensional measurements 
o f  cubical specimens. It also prescribes tolerance checks on the flatness o f  load 
bearing surfaces and the perpendicularity o f  the load bearing surfaces to adjoining 
cubical sides o f  the specimen. Because there are no accepted ASTM standards 
addressing the dimensional requirements for cubical specimens, ASTM D 4543 
(Standard Practices for Preparing Rock Core Specimens and Determining 
Dimensional and Shape Tolerances), for cylindrical specimens, is the basis o f  this 
Implementing Procedure.
Technical Staff:
1. Place the face o f  the specimen marked “base” face down on a flat surface. 
The tolerance o f  the flat surface shall not depart from a plane by more than
0.0005 in. (13 pm).
2. The four faces o f the cube perpendicular to the “base” are termed the “load 
bearing” or “test” faces (these faces will never contain holes). Label the test 
face previously marked with the specimen ID as “F I” and one o f  the 
adjacent test faces as “F2.”
3. M easure and record the specimen length between parallel test faces FI and 
its opposite with a calibrated caliper. Similarly measure the length 
dimension between F2 and its opposite.
4. Check for perpendicularity tolerance between each o f  the four test faces and 
the supporting flat surface.
a) Place a steel set-square on the flat surface and bring it snug against 
face F I. The set-square should be accurate to within 90 ± 0.1".
b) Attempt to insert a flat feeler gage (or equivalent) o f  dimension 0.05 
in. (1.3 mm) into the gap, if  any, existing between the set-square and 
the top or bottom o f the specimen.
c) I f  the feeler gage can be inserted, then the specimen must be 
discarded. For the six inch length o f the face the 0.05 in. gap 
corresponds to a 90 ± 0.5" tolerance.
d) Repeat this process for each o f  the remaining three test faces.
5. Measure for flatness and smoothness o f  the test faces and check for meeting 
the associated flatness tolerance.
a) P lace  th e  F I te s t face up rig h t on  a sm ooth  fla t surface.
b) Use a test stand with a mounted electronic digital indicator to 
measure vertical displacement across the FI face. Do this by moving 
the digital indicator from one edge o f the specimen to the other edge 
along a straight line lying along the centerline o f  the specimen. 
Record the maximum and minimum readings on the digital indicator
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and calculate the difference. The sensitivity o f the digital indicator 
shall be at least 0.001 in.
c) Rotate the sample 90 degrees and repeat step b.
d) Lift the specimen and place test face FI down on the smooth flat 
surface. Repeat steps b and c.
e) Repeat steps a through d for test face F2.
f) The maximum value o f  the difference in each case shall be less than
0.006 in. (0.15 mm) and the test faces shall be generally smooth and 
free o f  abrupt irregularities. I f  the differences exceed this value, an 
explicit note is to be made on Hydro-Stone® Specimen Record: Sheet 
3 regarding the deviation from the specification.
6. I f  specimen does not meet the above flatness tolerance specification, the 
sample can be: (1) modified with a surface grinder, and then steps 1 through 
2 repeated, or (2) Specimen compression testing must be conducted with 
neoprene or other compressible material on the top load bearing face.
7. Mark the best test surfaces for compression testing with “T” and “B” for top 
and bottom o f specimen, respectively.
REFERENCES
American Society for Testing Materials (ASTM) D 4543 -  04, “Standard Practices 
for Preparing Rock Core Specimens and Determining Dimensional and Shape 
Tolerances,” Annual Book o f  A STM  Standards, Section 4, Construction, Volume 
04.08 Soil and Rock. ASTM International, W est Conshohocken, Pennsylvania, 
2005.
IPLV-003 “Analytical and Top-Loading Balance Use”
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APPENDIX III 
HYDROSTONETB CALCULATION
Quantity o f  Hydrostone and Water
Lets, unit weight o f saturated Hydrostone = 1 2 0  lbs/ft^
Dimensions o f  the specimen 6" X 6" X 6"
Volume o f the solid specimen = 216 in /  = 0.125 ft^
n
Volume o f total voids (holes) (volume o f void within the specimen)
1
n
= ^  X-sectional area * length o f  hole
1
= ^  (7i*di^/4)*6 in.^ where, d is in inch 
1
= 0 .0 0 2 7 2 7 1 * ^  d /  = V (let)
/ = i
Ratio o f  HydroStone to W ater = 1 : 3
W eight o f  the specimen = W eight o f  Hydrostone + W eight o f Water
1
= W eight o f  Hydrostone + —* Weight o f  Hydrostone 
= Weight o f  Hydrostone * 1.33333
Therefore,
W eight o f  Hydrostone * 1.33333 = (0.125 -  v) * 120
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W eight o f  Hydrostone = (0.125 -  v) * 90 lbs=  (0.125 -  v) * 90 * 453.6 gms 
= 40,824 * (0.125 -  v) gms
For specimen preparation, 10% Hydro-stone will be needed. Therefore, 
Weight o f  Hydro-stone = 40,824*1.1* (0.125 -  0 .0 0 2 7 2 7 1 * ^  d /)  gms
/ = i
= 45,000 (0.125 -  0.0027271* ^  d /)  gms
(=1
where, d is in inch and n is the number o f  the holes 
For solid specimens with no holes: dj = 0 
W eight o f  HydroStone = 45000* 0. 125 ~ 5625 ~ 5700 grams 
So, weight o f  w ater = W eight o f  HydroStone / 3
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APPENDIX IV
TEST METHOD FOR UNIAXIAL COMPRESSION TESTING
PURPOSE AND SCOPE
This procedure describes the test methods used for the determination o f  the 
uniaxial compressive strength and the elastic moduli o f analog rock specimens o f 
Hydro-Stone®. The test method consists o f  applying a compressive axial load to a 
molded specimen at a rate that is within a prescribed range until failure occurs. 
This procedure provides instructions for the following activities:
• Specimen Testing,
• Uniaxial Compressive Strength Calculation,
• Elastic Moduli Calculation, and
• Quality control o f data.
No technical or regulatory requirements have been identified as applicable for this 
procedure.
APPLICABILITY
This procedure applies solely to the test methods used to calculate the uniaxial 
compressive strength and the elastic moduli o f  analog rock specimens produced in 
accordance with lPLV-034: Making and Preparing Analog Rock Test Specimens. 
As the test methods o f  this IP are designed for specific specimen types, this IP may 
not be applicable for the testing o f other specimens. The activities described in this 
Implementing Procedure (IP) are subject to NSHE Quality Assurance Program 
requirements.
Care must be exercised in the interpretation o f  the significance o f  compressive 
strength and elastic moduli determinations by this test method since strength is not 
a fundamental or intrinsic property o f  a cured specimen made from given materials. 
Values obtained will depend on the size and shape o f  the specimen, batching, 
mixing procedures, molding, and the age, temperature, and moisture conditions 
during curing.
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PROCEDURE
Technical Staff: When unable to comply with the specified steps o f this procedure, 
suspend work and resume only after the procedure has been revised, or a Document 
Change Notice has been documented in accordance with QAP-2.0, “Quality 
Assurance Program -  Preparation, Approval, and Revision o f  Procedures.”
Individuals working to this IP must follow the procedure steps in the order given 
unless otherwise directed.
Only personnel who are familiar with this procedure shall perform the specified 
work. Careful and knowledgeable handling o f  test specimens, determination o f 
dimensional tolerances o f  test specimens, and operation o f displacement 
transducers, signal conditioning equipment, and the SATEC Series 600RD-E1 
Compression Tester is necessary. Safety glasses must be worn when operating the 
compression tester.
Equipment
1. Testing M achine located at the Bituminous/Aggregate Labs, State o f  Nevada 
Department o f  Transportation, 123 E. W ashington Ave., No. D., Las Vegas, 
Nevada. The testing setup includes: SATEC Series 600RD-E1 Compression 
Tester, Serial No. 600RDP8879, Model: 600K load cell (Serial No. 8879), 5500 
Series Digital Controller (T563-173-1 ENGLISH REV. D), Basic Partner Testing 
Software (Ver 7.0b W C), and two hardened (greater than 55 Rockwell hardness) 
steel bearing blocks (top platen is spherically seated and the bottom platen is a 7 
in. X 7 in. X 0.5 in. flat block). The measuring instruments must be calibrated by a 
qualified supplier in accordance with QAP-7.0, “Control o f  Quality-Affecting 
Procurement and Receipt” and in accordance with QAP-12.0, “Control o f 
M easuring and Test Equipment” prior to use.
2. M easuring instrumentation includes linear variable differential transformers 
(LVDTs) and Daytronic System 10 mainframe data acquisition system. The 
LVDTs must be calibrated prior to use using IPLV-051, “Calibration o f  Linear 
Variable Differential Transformers (LVDTs).”
Specimen Testing
Prior to testing, the specimen should be weighed and specimen dimensional 
tolerances shall be measured according to IPLV-034 “Making Analog Rock 
Specimens for Uniaxial Testing.” The acceptance o f  the test specimen according to 
tolerance in IPLV-034 directly relates to the physical dimensions o f  the specimen.
Safety Note: W ear protective eyewear and use a protective cage around the
specimen as stiff specimens m ay fail violently.
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Technical Staff:
1. Fill out Part 2 o f  the Hydro-Stone® Uniaxial Test Record Sheet.
2. Take a photo(s) o f  the specimen that shows testing surface, specimen I.D 
number, and a straight-on shot o f  the hole pattern.
3. Clean test frame and sample ends. Place specimen in the Instron test frame 
on top o f  the loading platen. Place the spherical loading set on top o f  the 
specimen. Verify that the spherically seated platen can rotate freely about 
all small angles. Be sure specimen and platens are centered and aligned.
4. If  desired or required, dust the pads and ends o f the tests specimen, and then 
place a neoprene cap on one or both ends o f  the specimen. Pads shall be 0.5 
± 0.0625 in [13 ± 2 mm] thick. Requirements for the use o f 
polychoroprene (neoprene) pads are: (1) 1500 to 6000 psi specimen 
compressive strength, use 50 Shore A Durometer Hardness with a maximum 
o f 50 reuses; (2) 2500 to 7000 psi specimen compressive strength, use 60 
Shore A Durometer Hardness with a maximum o f 50 reuses; (3) 4000 to 
7000 psi specimen compressive strength, use 70 Shore A Durometer 
Hardness with a maximum o f 50 reuses; and (4) 7000 to 12000 psi specimen 
compressive strength, use 70 Shore A Durometer Hardness with a maximum 
o f 50 reuses. Scuffing or abrasion o f the pad is normal, provided it does not 
reduce the thickness o f the pad. Do not use pad if  cracks or splits are 
visible.
5. Setup the vertical and lateral displacement transducers and check that LVDT 
tips are tight. Verify the proper functioning o f the LVDTs and System 10 
Data Acquisition System by noting whether the displacements register on in 
the System 10 or computer display and are positioned within the calibrated 
linear range.
6. Close the protection cage in front o f  the specimen.
7. Start the Partner software (6x6cube_600k.prc) and ensure a dedicated 
database is active for logging the data. Enter specimen and test information 
in the Partner testing software.
8. Perform the compression test. Loading shall occur at as low a constant 
strain rate as possible until failure. Record the strain rate used. Failure is 
defined to occur when the load decreases steadily and the specimen displays 
a well-defined fracture pattern. The load shall be applied continuously and 
without shock.
9. Record the maximum load from the testing system on the Hydro-Stone® 
Uniaxial Test Record Sheet.
10. Photograph the failed specimen -  tape specimen first i f  needed. Take one 
picture showing a straight-on shot o f  the hole pattern. Make sure to show 
the specimen ID number, a length scale, and date in the photograph.
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11. On the Hydro-Stone® Uniaxial Test Record Sheet, discuss whether a plane 
o f  weakness is evident, failure mode (e.g., shear, axial cleavage, etc.), 
whether staged failure occurred, measurements o f  failure surfaces, etc. 
M ake any other appropriate comments.
12. Collect the main pieces o f  the specimen, tape it up and place it in a plastic 
bag. M ake sure the specimen ID number is visible.
13. Clean the testing machine by sweeping up any dust or debris.
At the end o f  the test day, export the uniaxial test data for each specimen from the 
Partner database. Take the Partner test files and associated LVDT files and create 
zip files in accordance with QAP-3.1, “Control o f  Electronic Data.” The zipped 
files can then be transferred via thumb drive to the QA controlled data collection 
computer for data reduction. All data files in their zipped form should be backed 
up to CD/DVDs.
Data Reduction and Calculation of Test Parameters
Excel spreadsheets or statistical programs may be employed to determine and plot 
the param eter information described in this section. Basic guidance for 
determination o f  these parameters is taken from ASTM D 2938-95, “Standard Test 
Method for Unconfined Compressive Strength o f  Intact Rock Core Specimens” and 
ASTM D 3148-02, “Standard Test Method for Elastic Moduli o f Intact Rock Core 
Specimens in Uniaxial Compression.”
Responsible Person Action
Technical Staff:
1. The compressive strength is found by dividing the maximum compressive load by 
the average cross-sectional area o f  the specimen:
+ 4
where:
(7/ = unconfined compressive strength
P f = maximum compressive load
A = average cross-sectional area o f specimen
2. Axial Y oung’s modulus (E) o f  the test specimen is defined as the ratio o f  the axial 
stress change to axial strain produced by the stress change. The general equation 
for Y oung’s modulus is provided below:
A c t  {axial stress)
E —----- - -------------------
A s  {axial strain)
where:
E  = Y oung’s modulus
e„ = axial strain (change in length / original length)
A = change in value per unit time
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3. Provide a complete stress versus strain plot for the test. Axial Young’s modulus 
(E) m ay be calculated as:
•  Tangent value at 10 percent o f the ultimate strength,
•  Tangent value at 50 percent o f the ultimate strength,
•  Secant value from zero stress to 50 percent o f  the ultimate strength, and
•  An average E, found by a linear fit to the data collected between 10 and 50
percent o f  the ultimate strength.
4. Poisson’s ratio (v) o f the test specimen is defined as the ratio o f  the slope o f axial 
stress-strain curve (E) to the slope o f  the lateral stress-strain curve. Lateral strain 
is the change in the cross-sectional length o f  a specimen divided by its original 
length. The slope o f  the lateral stress-strain curve is determined in the same 
manner as was done for axial Young’s modulus (E).
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APPENDIX V
REDUCED DATA AND EXAMPLES OF REPLICATE SPECIMENS 
The reduced unaxial compression data includes the result obtained by performing 
dimensional tolerances check for specimen and from uniaxial compressive testing. Table 
25 provides the actual length and width o f  the entire specimen and failure load taken by 
the specimens. Table 26 contains the reduced data from the uniaxial compressive testing. 
The table shows the specimen name and corresponding to the specimen, Uniaxial 
Compressive Strength, Tangent Y oung’s Modulus, Young’s M odulus (Secant between 0- 
50 %, best fit between 25-50 %) and porosity o f  the specimens.
Table 26: Specimen Configuration and Failure Load for all specimens
Specimen Number Specimen Dimensions Area o f Specimen
Failure
Load
Length (in) Width (in) (in ') (lbs.)
PA-UCL2-P7-A 6.0050 6.0180 36.1381 100270
PA-UCL2-P7-B 6.0095 6.0045 36.0840 86713
PA-UCL2-P7-C 6.0060 5.9975 36.0210 101080
PA-UCL4-P13-A 6.0205 5.9970 36.1049 95108
PA-UCL4-P13-B 6.0130 5.9970 36.0600 74642
PA-UCL4-P13-C 6.0025 6.0170 36.1170 70553
PA-UCL6-P20-A 6.0145 6.0015 36.0960 48288
PA-UCL6-P20-B 6.0065 6.0130 36.1171 54077
PA-UCL6-P20-C 6.0125 6.0075 36.1201 51868
PA-UCM4-P7-A 6.0115 5.9980 36.0570 110700
PA-UCM4-P7-B 6.0005 6.0105 36.0660 128480
PA-UCM4-P7-C 6.0040 6.0070 36.0660 114100
PA-UCM8-P13-A 6.0050 6.0100 36.0901 100980
PA-UCM8-P13-B 6.0125 6.0000 36.0750 99071
PA-UCM8-P13-C 6.0090 5.9965 36.0330 92023
PA-UCM12-P20-A 6.0050 6.0090 36.0840 67098
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Specimen Number Specimen Dimensions Area o f Specimen
Failure
Load
Length (in) W idth (in) ( in ') (lbs.)
PA-UCM12-P20-B 6.0140 6.0130 36.1622 65606
PA-UCM12-P20-C 6.0165 5.9910 36.0449 63866
PA-UCS11-P6-A 6.0005 6.0090 36.0570 139830
PA-UCS11-P6-B 6.0010 6.0130 36.0840 146260
PA-UCS11-P6-C 6.0070 6.0135 36.1231 125490
PA-UCS22-P12-A 6.0205 6.0210 36.2494 82427
PA-UCS22-P12-B 6.0125 6.0065 36.1141 98651
PA-UCS22-P12-C 6.0120 5.9930 36.0299 81801
PA-UCS33-P18-A 6.0045 6.0105 36.0900 57215
PA-UCS33-P18-B 6.0075 5.9950 36.0150 57306
PA-UCS33-P18-C 5.9945 6.0060 36.0030 63886
PA-XCL1M1S3-P7-A 6.0095 6.0025 36.0720 114570
PA-XCL1M1S3-P7-B 6.0040 5.9970 36.0060 128160
PA-XCL1M1S3-P7-C 6.0135 6.0080 36.1291 124380
PA-XCL2M3S6-P15-A 6.0030 6.0120 36.0900 68763
PA-XCL2M3S6-P15-B 6.0025 6.0095 36.0720 74998
PA-XCL2M3S6-P15-C 6.0090 6.0090 36.1081 74406
PA-XCL2M5S8-P19-A 6.0095 6.0075 36.1021 46949
PA-XCL2M5S8-P19-B 6.0080 5.9915 35.9969 63337
PA-XCL2M5S8-P19-C 6.0005 5.9960 35.9790 59625
PB-UCL2-P7-A 6.0090 6.0040 36.0780 89578
PB-UCL2-P7-B 5.9965 6.0045 36.0060 104320
PB-UCL2-P7-C 6.0015 6.0070 36.0510 77056
PB-UCL4-P13-A 5.9984 6.0060 36.0264 59591
PB-UCL4-P13-B 5.9965 6.0025 35.9940 60739
PB-UCL4-P13-C 5.9935 6.0005 35.9640 68940
PB-UCL6-P20-A 5.9970 6.0070 36.0240 46587
PB-UCL6-P20-B 6.0030 6.0110 36.0840 53941
PB-UCL6-P20-C 5.9985 6.0035 36.0120 50532
PB-UCM4-P7-A 5.9900 6.0105 36.0029 109590
PB-UCM4-P7-B 6.0060 6.0155 36.1291 114820
PB-UCM4-P7-C 5.9965 6.0030 35.9970 129980
PB-UCM8-P13-A 5.9900 6.0070 35.9819 92484
PB-UCM8-P13-B 6.0000 6.0055 36.0330 88539
PB-UCM12-P20-A 5.9995 6.0065 36.0360 39576
PB-UCM12-P20-B 5.9970 6.0075 36.0270 47886
PB-UCM12-P20-C 5.9940 6.0060 36.0000 50352
PB-UCS11-P6-A 6.0120 6.0100 36.1321 133160
PB-UCS11-P6-B 6.0055 5.9990 36.0270 150920
PB-UCS11-P6-C 6.0050 6.0065 36.0690 135310
PB-UCS22-P12-A 6.0140 6.0150 36.1742 90398
PB-UCS22-P12-B 6.0060 6.0300 36.2162 88571
PB-UCS22-P12-C 6.0155 6.0060 36.1291 96049
PB-UCS33-P18-A 5.9875 6.0130 36.0028 62031
PB-UCS33-P18-B 6.0155 6.0070 36.1351 68947
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Specimen Number Specimen Dimensions
Area o f  
Specimen
Failure
Load
Length (in) Width (in) (in') (lbs.)
PB-UCS33-P18-C 6.0055 5.9985 36.0240 69606
PB-XCL1M1S3-P7-A 6.0000 6.0185 36.1110 120200
PB-XCL1M1S3-P7-B 5.9960 6.0075 36.0210 113230
PB-XCL1M1S3-P7-C 5.9965 6.0065 36.0180 130120
PB-XCL2M3S6-P15-A 6.0115 5.9930 36.0269 72311
PB-XCL2M3S6-P15-B 6.0010 6.0065 36.0450 71727
PB-XCL2M3S6-P15-C 5.9960 6.0175 36.0809 77202
PB-XCL2M5S8-P19-A 6.0170 6.0040 36.1261 51732
PB-XCL2M5S8-P19-B 5.9950 6.0190 36.0839 56604
PB-XCL2M5S8-P19-C 6.0085 6.0095 36.1081 55254
PC-UCL2-P7-A 6.0040 6.0115 36.0930 100080
PC-UCL2-P7-B 6.0100 6.0010 36.0660 126640
PC-UCL2-P7-C 6.0095 6.0045 36.0840 130150
PC-UCL4-P13-A 6.0150 5.9940 36.0539 79781
PC-UCL4-P13-B 6.0045 6.0030 36.0450 61649
PC-UCL4-P13-C 6.0015 6.0065 36.0480 90025
PC-UCL6-P20-A 6.0105 5.9985 36.0540 44648
PC-UCL6-P20-B 6.0015 6.0095 36.0660 56088
PC-UCM4-P7-A 5.9985 6.0080 36.0390 132660
PC-UCM4-P7-B 6.0075 6.0015 36.0540 123540
PC-UCM4-P7-C 6.0135 6.0100 36.1411 101410
PC-UCM8-P13-A 6.0080 6.0020 36.0600 80603
PC-UCM8-P13-B 5.9985 6.0085 36.0420 69009
PC-UCM8-P13-C 6.0140 5.9970 36.0660 68986
PC-UCM12-P20-A 5.9900 6.0075 35.9849 29916
PC-UCM12-P20-B 5.9890 6.0090 35.9879 14334
PC-UCM12-P20-C 6.0030 6.0140 36.1020 28063
PC-UCS11-P6-A 6.0210 5.9875 36.0507 106790
PC-UCS11-P6-B 6.0100 6.0045 36.0870 91574
PC-UCS11-P6-C 6.0105 6.0105 36.1261 118990
PC-UCS22-P12-A 6.0100 6.0145 36.1471 51692
PC-UCS22-P12-B 5.9885 6.0075 35.9759 87657
PC-UCS22-P12-C 6.0100 6.0015 36.0690 87617
PC-UCS33-P18-A 5.9965 6.0145 36.0659 54491
PC-UCS33-P18-B 6.0000 6.0095 36.0570 40046
PC-UCS33-P18-C 5.9850 6.0130 35.9878 51026
PC-XCL1M1S3-P7-A 5.9940 6.0155 36.0569 117970
PC-XCL1M1S3-P7-B 6.0095 5.9980 36.0450 101580
PC-XCL1M1S3-P7-C 5.9840 6.0140 35.9878 112280
PC-XCL2M3S6-P15-A 6.0095 6.0110 36.1231 76548
PC-XCL2M3S6-P15-B 6.0055 6.0135 36.1141 78440
PC-XCL2M3S6-P15-C 6.0105 6.0090 36.1171 66786
PC-XCL2M5S8-P19-A 6.0015 6.0105 36.0720 46724
PC-XCL2M5S8-P19-B 6.0090 6.0015 36.0630 38793
PC-XCL2M5S8-P19-C 5.9915 6.0155 36.0419 61876
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Specimen Number Specimen Dim ensions
Area o f  
Specimen
Failure
Load
Length (in) Width (in) (in') (lbs.)
PA-UDmL3-P7-A 6.0105 6.0135 36.1441 80386
PA-UDmL3-P7-B 5.9985 6.0080 36.0390 87412
PA-UDmL3-P7-C 6.0180 6.0000 36.1080 83853
PA-UDmL6-P13-A 6.0105 6.0010 36.0690 62617
PA-UDmL6-P13-B 6.0020 6.0130 36.0900 62577
PA-UDmL6-P13-C 6.0125 6.0130 36.1532 60987
PA-UDmM6-P6-A 6.0020 6.0080 36.0600 100150
PA-UDmM6-P6-B 6.0115 6.0085 36.1201 101620
PA-UDmM6-P6-C 6.0110 6.0075 36.1111 99539
PA-UDmM12-P13-A 6.0030 6.0225 36.1531 53634
PA-UDmM12-P13-B 6.0225 5.9980 36.1230 58903
PA-UDmM12-P13-C 6.0005 6.0020 36.0150 59790
PB-UDmL3-P7-A 6.0025 6.0210 36.1411 116980
PB-UDmL3-P7-B 5.9945 6.0300 36.1468 129670
PB-UDmL3-P7-C 6.0115 6.0220 36.2013 110550
PB-UDmL6-P13-A 6.0115 6.0125 36.1441 52144
PB-UDmL6-P13-B 6.0160 6.0180 36.2043 54751
PB-UDmL6-P13-C 6.0210 6.0120 36.1983 58148
PB-UDmM6-P6-A 5.9895 6.0240 36.0807 97453
PB-UDmM6-P6-B 5.9960 6.0150 36.0659 118220
PB-UDmM6-P6-C 6.0150 6.0140 36.1742 117650
PB-UDmM12-P13-A 6.0125 6.0025 36.0900 75141
PB-UDmM12-P13-B 6.0125 6.0030 36.0930 85428
PB-UDmM12-P13-C 6.0085 6.0050 36.0810 91554
PA-USqL3-P7-A 6.0015 6.0110 36.0750 109450
PA-USqL3-P7-B 6.0030 6.0085 36.0690 122420
PA-USqL3-P7-C 6.0105 5.9960 36.0390 96884
PA-USqL6-P13-A 6.0150 6.0550 36.4208 88571
PA-USqL6-P13-B 5.9930 6.0165 36.0569 86392
PA-USqL6-P13-C 6.0085 6.0010 36.0570 78775
PA-USqM6-P6-A 5.9935 6.0110 36.0269 141990
PA-USqM6-P6-B 5.9930 6.0205 36.0809 131440
PA-USqM6-P6-C 6.0135 5.9960 36.0569 137280
PA-USqM12-P13-A 6.0165 6.0165 36.1983 84829
PA-USqM12-P13-B 6.0145 5.9920 36.0389 90879
PA-USqM12-P13-C 6.0145 6.0095 36.1441 96512
PB-USqL3-P7-A 6.0075 6.0185 36.1561 145120
PB-USqL3-P7-B 6.0080 6.0265 36.2072 151140
PB-USqL3-P7-C 6.0025 6.0205 36.1381 146530
PB-USqL6-P13-A 6.0195 6.0090 36.1712 106150
PB-USqL6-P13-B 6.0375 6.0060 36.2612 100280
PB-USqL6-P13-C 6.0120 5.9990 36.0660 106820
PB-USqM6-P6-A 6.0185 6.0005 36.1140 106150
PB-USqM6-P6-B 5.9980 6.0115 36.0570 138590
PB-USqM6-P6-C 5.9975 6.0115 36.0540 139940
110
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Specimen Number Specimen Dimensions
Area o f  
Specimen
Failure
Load
Length (in) Width (in) (in') (lbs.)
PB-UCSqM12-P13-A 6.0070 6.0065 36.0810 89245
PB-UCSqM12-P13-B 6.0245 6.0195 36.2645 80810
PB-UCSqM12-P13-C 6.0085 6.0065 36.0901 83493
SOLID-PO-C 5.9925 6.0035 35.9760 286710
SOLID-PO-K 6.0145 6.0170 36.1892 287640
SOLID-PO-P 6.0115 6.0265 36.2283 280710
SOLID-PO-Q 6.0140 6.0190 36.1983 277480
SOLID-PO-S 6.0175 6.0315 36.2946 301660
SOLID-PO-T 6.0125 6.0005 36.0780 290150
SOLID-PO-B 6.0055 5.9950 36.0030 285380
SOLID-PO-L 6.0110 6.0225 36.2012 298980
SOLID-PO-R 6.0070 6.0050 36.0720 296660
SOLID-PO-U 6.0130 6.0155 36.1712 278290
Table 27; UCS and Young’s M odulus for Specimen Data for all specimens
Specimen Name
Uniaxial
Compressive
Strength
Tangent
Young's
Modulus
Secant
Young's
Modulus
Best-fit
Young's
Modulus Porosity
UCS (MPa)
(50%
UCS)
(GPa)
(0-50%
UCS)
(GPa)
(25-50%
UCS)
(GPa) (% )
PA-UCL2-P7-A 19.13 9.27 7.37 9.81 6.56
PA-UCL2-P7-B 16.57 8.72 6.28 8.65 6.56
PA-UCL2-P7-C 19.35 12.04 6.38 8.90 6.56
PA-UCL4-P13-A 18.16 7.73 7.25 8.55 13.12
PA-UCL4-P13-B 14.27 10.24 6.36 8.56 13.12
PA-UCL4-P13-C 13.47 8.28 6.64 9.66 13.12
PA-UCL6-P20-A 9.22 6.78 8.89 6.53 19.68
PA-UCL6-P20-B 10.32 6.56 4.62 6.84 19.68
PA-UCL6-P20-C 9.90 6.72 4.56 7.74 19.68
PA-UCM4-P7-A 21.17 12.86 10.16 12.20 6.61
PA-UCM4-P7-B 24.56 13.11 7.57 11.95 6.61
PA-UCM4-P7-C 21.81 9.55 7.50 10.29 6.61
PA-UCM8-P13-A 19.29 16.69 7.32 7.92 13.21
PA-UCM12-P20-A 12.82 10.15 6.00 8.23 19.82
PA-UCM12-P20-B 12.51 14.08 6.27 8.80 19.82
PA-UCM12-P20-C 12.22 8.17 6.03 8.80 19.82
PA-UCS11-P6-A 26.74 10.15 8.88 11.95 6.07
PA-UCS11-P6-B 27.95 10.74 9.09 11.20 6.07
PA-UCS22-P12-A 15.68 7.96 6.55 11.99 12.14
1 1 1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Specimen Name
Uniaxial
Compressive
Strength
Tangent
Young's
Modulus
Secant
Young's
Modulus
Best-fit
Young's
Modulus Porosity
UCS (MPa)
(50%
UCS)
(GPa)
(0-50%
UCS)
(GPa)
(25-50%
UCS)
(GPa) (% )
PA-UCS22-P12-B 18.83 9.10 7.49 9.46 12.14
PA-UCS22-P12-C 15.65 10.59 7.71 9.51 12.14
PA-UCS33-P18-A 10.93 9.98 5.92 11.02 18.22
PA-UCS33-P18-B 10.97 25.42 5.68 8.34 18.22
PA-UCS33-P18-C 12.23 8.24 7.72 8.04 18.22
PA-XCL1M1S3-P7-A 21.90 10.96 7.71 11.41 6.59
PA-XCL1M1S3-P7-B 24.54 22.28 7.46 11.53 6.59
PA-XCL1M1S3-P7-C 23.74 10.87 9.99 10.29 6.59
PA-XCL2M3S6-P15-A 13.14 6.32 6.20 6.30 14.83
PA-XCL2M3S6-P15-B 14.34 9.93 6.47 9.68 14.83
PA-XCL2M3S6-P15-C 14.21 10.40 6.65 7.99 14.83
PA-XCL2M5S8-P19-A 8.97 6.45 3.21 6.46 19.24
PA-XCL2M5S8-P19-B 12.13 7.48 5.41 7.03 19.24
PA-XCL2M5S8-P19-C 11.43 7.19 3.42 7.17 19.24
PB-UCL2-P7-A 17.12 11.79 11.69 10.98 6.56
PB-UCL2-P7-B 19.98 10.57 7.97 11.21 6.56
PB-UCL2-P7-C 14.74 12.44 8.48 13.02 6.56
PB-UCL4-P13-A 11.40 10.56 6.23 9.95 13.12
PB-UCL4-P13-B 11.63 8.48 13.75 7.40 13.12
PB-UCL4-P13-C 13.22 9.26 5.88 8.58 13.12
PB-UCL6-P20-A 8.92 12.92 3.97 13.44 19.68
PB-UCL6-P20-B 10.31 6.11 4.73 5.76 19.68
PB-UCL6-P20-C 9.67 8.76 4.91 9.18 19.68
PB-UCM4-P7-A 20.99 11.34 10.91 10.81 6.61
PB-UCM4-P7-B 21.91 13.13 9.35 11.01 6.61
PB-UCM4-P7-C 24.90 10.53 9.41 11.67 6.61
PB-UCM8-P13-A 17.72 9.26 8.61 10.07 13.21
PB-UCM12-P20-A 7.57 6.97 2.94 9.52 19.82
PB-UCM12-P20-B 9.16 5.55 5.12 4.10 19.82
PB-UCM12-P20-C 9.64 6.33 8.13 13.46 19.82
PB-UCS11-P6-C 25.87 10.41 10.04 10.67 6.07
PB-UCS22-P12-A 17.23 8.62 6.39 8.51 12.14
PB-UCS22-P12-B 16.86 8.65 7.07 8.30 12.14
PB-UCS22-P12-C 18.33 9.43 7.83 9.36 12.14
PB-UCS33-P18-B 13.16 7.82 8.02 10.11 18.22
PB-UCS33-P18-C 13.32 8.06 5.82 8.27 18.22
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Specimen Name
Uniaxial
Compressive
Strength
Tangent
Young's
Modulus
Secant
Young's
Modulus
Best-fit
Young's
M odulus Porosity
UCS (MPa)
(50%
UCS)
(GPa)
(0-50%
UCS)
(GPa)
(25-50%
UCS)
(GPa) (% )
PB-XCL1M1S3-P7-A 22.95 13.53 11.60 11.20 6.59
PB-XCL1M1S3-P7-B 21.67 21.02 13.66 11.77 6.59
PB-XCL1M1S3-P7-C 24.91 12.92 11.29 10.50 6.59
PB-XCL2M3S6-P15-A 13.84 9.79 9.15 8.43 14.83
PB-XCL2M3S6-P15-B 13.72 8.14 7.66 17.93 14.83
PB-XCL2M3S6-P15-C 14.75 10.69 8.29 14.31 14.83
PB-XCL2M5S8-P19-A 9.87 13.09 11.48 9.65 19.24
PB-XCL2M5S8-P19-B 10.82 7.48 7.69 12.64 19.24
PB-XCL2M5S8-P19-C 10.55 7.15 7.40 6.95 19.24
PC-UCL2-P7-A 19.12 11.85 8.18 10.13 6.56
PC-UCL2-P7-B 24.21 13.25 11.67 9.46 6.56
PC-UCL2-P7-C 24.87 13.09 9.18 9.99 6.56
PC-UCL4-P13-A 15.26 42.70 13.03 11.45 13.12
PC-UCL4-P13-B 11.79 10.38 8.36 11.09 13.12
PC-UCL4-P13-C 17.22 8.32 8.83 8.18 13.12
PC-UCL6-P20-A 8.54 13.05 7.99 7.54 19.68
PC-UCL6-P20-B 10.72 12.21 6.13 15.41 19.68
PC-UCM4-P7-A 25.38 13.25 12.90 13.77 6.61
PC-UCM4-P7-B 23.63 13.10 11.43 12.23 6.61
PC-UCM4-P7-C 19.35 11.70 11.87 14.27 6.61
PC-UCM8-P13-A 15.41 14.57 12.62 12.78 13.21
PC-UCM8-P13-B 13.20 10.10 8.50 7.60 13.21
PC-UCM8-P13-C 13.19 16.01 13.64 10.91 13.21
PC-UCM12-P20-A 5.73 6.73 6.04 7.80 19.82
PC-UCM12-P20-B 2.75 7.65 6.72 7.34 19.82
PC-UCM12-P20-C 5.36 12.62 4.82 5.72 19.82
PC-UCS11-P6-A 20.42 13.87 13.97 11.33 6.07
PC-UCS11-P6-B 17.50 8.41 15.86 11.75 6.07
PC-UCS11-P6-C 22.71 10.09 9.21 11.05 6.07
PC-UCS22-P12-A 9.86 11.18 8.07 12.09 12.14
PC-UCS33-P18-A 10.42 13.93 13.20 8.22 18.22
PC-UCS33-P18-B 7.66 8.78 5.47 6.66 18.22
PC-XCL1M1S3-P7-A 22.56 12.05 12.66 12.69 6.59
PC-XCL1M1S3-P7-B 19.43 9.94 8.50 10.45 6.59
PC-XCL1M1S3-P7-C 21.51 9.43 11.07 9.31 6.59
PC-XCL2M3S6-P15-A 14.61 9.97 11.69 19.75 14.83
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Specimen Name
Uniaxial
Compressive
Strength
Tangent
Young's
M odulus
Secant
Young's
Modulus
Best-fit
Young's
Modulus Porosity
UCS (MPa)
(50%
UCS)
(GPa)
(0-50%
UCS)
(GPa)
(25-50%
UCS)
(GPa) (%)
PC-XCL2M3S6-P15-B 14.98 11.15 8.09 9.20 14.83
PC-XCL2M3S6-P15-C 12.75 9.45 8.64 9.47 14.83
PC-XCL2M5S8-P19-A 8.93 7.73 5.29 6.40 19.24
PC-XCL2M5S8-P19-B 7.42 9.03 3.57 8.07 19.24
PC-XCL2M5S8-P19-C 11.84 7.41 7.88 8.41 19.24
PA-UDmL3-P7-A 15.33 10.50 10.16 9.91 6.28
PA-UDmL3-P7-B 16.72 12.34 9.71 10.46 6.28
PA-UDmL3-P7-C 16.01 11.01 10.33 10.58 6.28
PA-UDmL6-P13-A 11.97 9.49 7.72 7.99 12.56
PA-UDmL6-P13-B 11.95 4.76 3.90 4.75 12.56
PA-UDmL6-P13-C 11.63 15.83 8.21 9.90 12.56
PA-UDmM6-P6-A 19.15 11.28 12.33 11.45 6.32
PA-UDmM6-P6-B 19.40 13.36 9.56 11.96 6.32
PA-UDmM6-P6-C 19.01 18.74 9.18 9.64 6.32
PA-UDmM12-P13-A 10.23 8.72 6.68 9.16 12.65
PA-UDmM12-P13-B 11.24 9.11 7.14 7.05 12.65
PA-UDmM12-P13-C 11.45 7.64 8.14 9.35 12.65
PB-UDmL3-P7-A 22.32 13.48 13.32 11.62 6.28
PB-UDmL3-P7-B 24.73 11.13 14.53 11.37 6.28
PB-UDmL3-P7-C 21.05 11.38 9.61 9.83 6.28
PB-UDmL6-P13-A 9.95 10.80 16.73 10.34 12.56
PB-UDmL6-PI3-B 10.43 9.15 10.72 7.62 12.56
PB-UDmL6-P13-C 11.08 9.71 22.11 9.69 12.56
PB-UDmM6-P6-A 18.62 15.12 5.24 11.56 6.32
PB-UDmM6-P6-B 22.60 13.17 4.46 10.54 6.32
PB-UDmM6-P6-C 22.42 9.10 4.30 11.57 6.32
PB-UDmM12-P13-A 14.36 10.99 3.91 10.75 12.65
PB-UDmM12-P13-B 16.32 11.92 3.17 12.58 12.65
PB-UDmM12-P13-C 17.50 9.57 4.19 10.69 12.65
PA-USqL3-P7-A 20.92 9.08 9.65 10.19 6.28
PA-USqL6-P13-B 16.52 9.36 8.86 10.25 12.56
PA-USqL6-P13-C 15.06 10.18 11.87 11.71 12.56
PA-USqM6-P6-A 27.17 11.43 11.31 11.82 6.32
PA-USqM6-P6-B 25.12 12.52 13.43 13.57 6.32
PA-USqM6-P6-C 26.25 11.88 10.40 10.39 6.32
PA-USqM12-P13-A 16.16 9.18 10.22 10.31 12.65
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Specimen Name
Uniaxial
Compressive
Strength
Tangent
Young's
Modulus
Secant
Young's
Modulus
Best-fit
Young's
M odulus Porosity
UCS (MPa)
(50%
UCS)
(GPa)
(0-50%
UCS)
(GPa)
(25-50%
UCS)
(GPa) (%)
PA-USqM12-P13-B 17.39 11.28 11.19 12.77 12.65
PA-USqM12-P13-C 18.41 11.75 9.93 10.80 12.65
PB-USqL3-P7-A 27.67 16.79 10.37 11.76 6.28
PB-USqL3-P7-B 28.78 10.23 11.43 10.84 6.28
PB-USqL3-P7-C 27.96 13.03 12.24 11.42 6.28
PB-USqL6-P13-A 20.23 11.55 6.75 8.07 12.56
PB-USqL6-P13-B 19.07 8.46 8.43 8.03 12.56
PB-USqL6-P13-C 20.42 9.04 8.11 8.43 12.56
PB-USqM6-P6-A 20.27 7.65 7.63 7.18 6.32
PB-USqM6-P6-B 26.50 11.88 11.99 10.81 6.32
PB-USqM6-P6-C 26.76 10.79 11.72 9.91 6.32
PB-UCSqM12-P13-A 17.05 9.41 10.08 7.67 12.65
PB-UCSqM12-P13-B 15.36 10.00 7.81 9.76 12.65
PB-UCSqM12-P13-C 15.95 9.92 8.47 7.78 12.65
SOLID-PO-C 54.95 16.51 13.03 16.04 0.00
SOLID-PO-K 54.80 16.16 13.37 14.66 0.00
SOLID-PO-P 53.42 16.39 12.94 16.01 0.00
SOLID-PO-Q 52.85 19.99 14.15 16.70 0.00
SOLID-PO-S 57.31 14.43 14.12 14.77 0.00
SOLID-PO-T 55.45 24.36 12.21 18.13 0.00
SOLID-PO-B 54.65 13.33 12.49 15.55 0.00
SOLID-PO-L 56.94 17.54 16.35 16.79 0.00
SOLID-PO-R 56.70 16.01 13.90 14.91 0.00
SOLID-PO-U 53.05 17.62 17.10 16.20 0.00
The following figures illustrate further examples o f replicate similarity, in addition to the 
photos provided in Sections 7.1.1 and 7.1.2 o f  this report. The specimen pattern name is 
given, followed by the Y oung’s modulus value for each specimen, the average Y oung’s 
modulus for these specimens, the ultimate strength values for each specimen, and the 
average strength for this pattern. It can be seen that final cracking patterns and 
mechanical properties are similar.
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PC-UCL2-P7-A, B, C E = 10.1, 9.46, 9.99 E.« = 9.86 GPa UCS = 19.1, 24.2, 24.9 UCS.« = 22.7 MPa
  .
I
PA-USqM12-P13-A, B,C E = 10.3, 12.8, 10.8 E,,, = 11.3 GPa UCS = 16.2, 17.4, 18.4 UCS.«= = 17.3 MPa
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Figure 43: M ore examples o f  replicate specimen behavior 
PA-UCSl 1-P6-A,B,C E = 11.9, 11.2, 9.96 E.« = 1 1 0  GPa UCS = 26.7, 27.9, 24.0 UCS.^ = 26.2 MPa
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PB-UCS11-P6-A,B,C E =  13.4, 11.4, 10.7 E.^ e = 11-8 GPa UCS = 25.4, 28.9, 25.9 UCSave = 26.7 MPa
# # H P e
*  •  #
I
' e  
.  .
PC-UCS11-P6-A,B,C E =  11.3, 11.7,11.1 Eave= 11.4 GPa UCS = 20.4, 17.5,22.7 UCS.y, = 20.2 MPa
#
#  #
#
#  #
e
# s #
4  #
#
# e
Figure 44: Comparison o f  U C S l 1-P6 for patterns A, B, and C
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